
8 

i 

/ /  I 
c (PAGES) (COPE) - 
0 
L 

(NASA CR OR TMX OR A D  NUMBER) (CATEGORY) 

GPO PRICE $ 

CSFTI PRICE(S) $ 

Hard copy (HC) 3- 0 ~ 

Microfiche (M F) 75” i 
ff 653 July 65 

Alkaline Battery Division 

GULTON INDUSTRIES, INC. 
Metuchen, N. 1. 

I 

I 



\ 

NASA CR-54654 

INVESTIGATION OF 

BATTERY ACTIVE NICKEL OXIDES 

BY 

P .  Ritterman and M. N. Seiger 

Brepared For 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

CONTRACT NAS 34178 

GULTON INDUSTRIES, INC . 
Alkaline Battery Division 

Metuchen, New Jersey 

i 



* 

NOTICE 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the 
National Aeronautics and Space Administration (NASA), 
nor any person acting on behalf of NASA: 

Makes any warranty of representation, expressed 
or implied, with respect to the accuracy, com- 
pleteness, or usefulness of the information 
contained in this report, or that the use of 
any information, apparatus, method, or process 
disclosed in this report may not infringe 
privately owned rights; or 

Assumes any liabilities with respect to the 
use of, or for damages resulting from the 
use of any information, apparatus, method or 
process disclosed in this report. 

As used above, "person acting on behalf of NASA" includes 
any employee or contractor of NASA, or employee of such 
contractor, to the extent that such employee or contractor 
of dSA, or employee of such contractor prepares, dissem- 
inates, or provides access to, any information pursuant to 
his employment or contract with NASA, or his employment 
with such contractor 

Requests for copies of this report should be 
referred to 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 
Attention: AFSS-A 
Washington, D.C.  20546 

ii 



FINAL REPORT 

INVESTIGATION OF BATTERY ACTIVE 
NICKEL OXIDES 

bY 

P .  R i t t e G n  and H .  N .  Seiger 

Prepared For 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

June 11, 1965 

CONTRACT NAS 3-4178 

Technical Management 
NASA Lewis Research Center 

Cleveland, Ohio 
Solar and Chemical Power Branch 

W .  J .  Nagle 

NASA CR-54654 

GULTON INDUSTRIES, INC. 
212 Durham Ave. 
Metuchen, N .  J .  

iii 



TABLE OF CONTENTS 

PAGE NO. 

SUMMARY 

INTRODUCTION 

ABSTRACT 

I. OUTLINE AND REVIEW OF PROGRAM 

A. LITERATURE SEARCH 

1. Bibliography 

2. Review of Literature 

B. P U N  OF EXPERIMENTS 

11. EXPERIMENT&, RESULTS 

A. EIEpERIMENTALPROCEDuRE 

1, Phase I 

a. Preparation of Plates 

(1) Sintered Plates 

(2) Pocket Plates 

b .  Construction of Cells 

(1) Sintered Plates 

(2) Tubular Plates 

c .  Formation 

(1) Sintered Plates 

(2) Tubular Plates 

d. Preparatory Sel f  Discharge Measurements 
and Analysis 

(1) Sintered Plate Cells 

(2) Tubular Plate Cella 

4 

4 

4 

5 

6 

7 

7 

7 

7 

7 

7 

7 

7 

7 

8 

8 

8 

9 

9 

10 



TABLE OF CONTENTS 
(Continued) 

PAGE NO. 

2. Phase I1 

a. Uastable  Nickel Oxides 

b. S t a b l e  Nickel Oxides 

(1) Determination of C and C/10 Rates 

(a) C Rate 

(b) C/10 Rate 

(2) S t a t e  of Charge Tests 

(a) C Rate 

(b) C/10 R a t e  

3. Phase 111 - Methods of S t a b i l i z a t i o n  

a. Construct ion of C e l l a  

b . Format ion Procedure 

4. Methods of Analysis 

a. X-Ray D i f f r a c t  ion  

b . D i f f e r e n t i a l  Thermal Analysis  

C. Chemical Analysis 

(1) Nickel 

(2) Oxygen 

(3) Hydrogen 

(4) Determination of Average Valence S t a t e  
of Nickel Compounds 

5 .  Spec ia l  Tests 

a. Determination of E f f e c t  on P o s i t i v e  P l a t e  
C h a r a c t e r i s t i c s  With Respect t o  Sealed and 
Vented Charge 

10 

10 

11 

11 

11 

12 

12 

12 

13 

14 

14 

14 

14 

14 

14 

15 

15 

15 

15 

15 

15 

15 

16 b. Analysis  of M-2 Graphi te  Flake 



TABLE OF CONTENTS 
(Continued) 

c u  Analysis  of Sintered  Nickel  Elec t rodes  at: t he  
"Graphitic1' Leve 1 16 

(1) By Means of X-Ray D i f f r a c t i o n  16 

(2) By Means of D i f f e r e n t i a l  Thermal Analyais 16  

d .  X-Ray of Various Components of t h e  P o s i t i v e  
g i n t e r e d  P l a t e  16 

B. DATA 

1. Phase I 

a. Formation 

(1) Sin tered  P l a t e s  

(2) Tubular P l a t e s  

b. Prepara tory  Self-Discharge Measurements 
and Analysis  

(1) Sin tered  Plates 

(2) Tubular P l a t e s  

2. Phase 11 

a. Unstable Nickel Oxides 

b. S t ab le  Nickel Oxides 

(1) Determination of t h e  C and C/10 h t e  

(a) C Rate 

(b) C/10 Rate 

(2) S t a t e  of Charge Tests 

3. Phase I11 - Methods of S t a b i l i z a t i o n  

4. Methods of Analysis 

a. X-Ray 

b. D i f f e r e n t i a l  Thermal Analysis  

17 

17 

17 

17 

17 

17 

18 

18 

18 

19 

19 

19 

19 

20 

20 

20 

20 

20 



TABLE OF CONTENTS 
(Continued) 

PAGE NO. 

i 

c. Chemical Analysis 

Nickel 

Oxygen 

Hydrogen 

Determination of Average Valence State of 
Nickel Compounds 

Special Tests 

(a) Determination of Effect On Positive 
Plate Characteristics With Respect to 
Sealed and Vented Charge 

Analysis of M-2 Graphite Flake 

Analysis of Sintered Nickel Electrode 
at the "Graphitic" Level 

i. By Means of X-Ray 

ii. By Means of Differential Thermal 

(b) 

(c) 

Analysis 

(d) X-Ray of Various Components.of the 
Sintered Positive Electrode Sample 

C. DISCUSSION 

1. Phase I 

2. Phase I1 

a. Unstable Nickel Oxides 

b. Stable Nickel Oxides 

3.  Bhase I11 - Stabilization 
4 .  Methods of Analysis 

a. X-Ray 

be Differential Thermal Analysis 

21 

21 

21 

21 

21 

21 

21 

21 

22 

22 

22 

22 

22 

24 

24 

25 

25 

26 

26 

26 



TABLE OF CONTENTS 
(Cont inued) 

c. Chemical Analysis 

(1) Nickel 

(3) Hydrogen 

5 .  Determination of Average Valence State of Nickel 
Compounds 

6 .  Special Tests 

a. Determination of Effecton Positive Plate 
Characteristics With Respect to Sealed and 
Vented Charge 

b. Analysis of M-2 Graphite Flake 

c. Analysis of Sintered Nickel Electrode at the 
Graphitic Leve 1 

X-Ray of Various Components of the Sintered 
Positive Electrode Sample 

d. 

D. CONCLUSIONS 

111. REOMMENDATIONS AND FUTURE WORK 

A. X-RAY TECHNIQUES 

B. STORAGE OF U T E S  

C. EFFECT OF CURRENT DENSITY STATE OF CHARGE AND TEMPERATURES 

D. STABILIZATION OF NICKEL 

1. Dcping 

2 .  Formation 

3 .  Other Methods of Stabilization 

4.  Evaluation 

IV " REFERENCES 

PAGE NO. 

26 

26 

26 

26 

27 

27 

27 

27 

27 1 

27 

28 

29 

29 

29 

29 ~ 

29 

29 

30 

30 

30 

31 ' 
- 

APPENDIX 



L I S T  OF TABLES AND FIGURES 

TABLE I CYCLING DATA - SINTERED NICHEL PLATES 

TABLE I1 CAPACITIES OF TUBULAR CELLS DISCHARGED THROUGH 22 OHM RESISTOR 

TABLE 111 L I S T  OF I'd" SPACINGS FROM X-RAY DATA OF FIRST QUARTERLY REPORT 

TABLE IV INTENSITIES OF "d" SPACINGS OBTAINED FROM ACTIVE MATERIAL OF 
TUBULGR POSITIVE ELECTRODE 

TABLE V PHASE I1 - CAPACITIES OF SINTERED PLATE CELLS WHEN DISCHARGED 
THROUGH 2.4 OHM RESISTOR 

TABLE V I  INTENSITIES OF 'td" SPACINGS AT VARIOUS STATES OF CHARGE OF 
S I N T m D  POSITIVE ELECTRODES 

TABLE V I 1  CAPACITY ON STABILIZATION FORMATION 

TABLE VI11 QUANTATIVE ANALYSIS VIA SPECTROGRAPH OF M-2 GRAPHITE Fw(E 

I TABLE IX X-RAY "d" SPACINGS OF X-RAY SAMPLE COMPONENTS 

TABLE X X-RAY "d" SPACINGS AND INTENSITIES OF SINTERED PLATES ON 
3 MONTH STORAGE 

TABLE X I  INTENSITIES OF I'd" SPACINGS OBTAINED FROM SINTERED POSITIVE 
0 

EUCTRODES DURING CHARGE, OVERCHARGE AND OPEN CIRCUIT STAND 

TABLE X I 1  "d" SPACINGS AND INTENSITIES FROM SINTERED POSITIVE ELECTRODE 
DURING CHARGE, OVERCHARGE AND EXTENDED OPEN CIRCUIT STAND 

FIGURE 1. 

FIGURE 2. 

FIGURE 3.  

FIGURE 4 .  

FIGURE 5. 

FIGURE 6 .  

FIGURE 7. 

FIGURE 8 .  

TYPICAL DISCHARGE CURVE CONSTANT LOAD = 2.4 OHM 
PHASE I SINTERED PLATE CELL 

TYPICAL DISCHARGE CURVE TUBULAR PLATE CELL DISCHARGED THROUGH 
22 OHM RESISTOR TO 0.2 VOLTS 

X-RAY PATTERN OF INITIAL CHARGED STAND AT 25°C 

X-RAY PATTERN OF INITI&L CHARGED STAND AT 50'C 

X-RAY PATTERN OF INITIAL CHARGED STAND AT 10°C 

X-RAY PATTERN OF 3 MONTH CHARGED STAND AT 25'C 

X-RAY PATTERN OF 3 MONTH CHARGED STAND AT 5OoC 

X-RAY PATTERN OF 3 MONTH CHARGED STAND AT 10°C 



LIST OF TABLES AND FIGURES 
(Continued) 

FIGURE 9. 

FIGURE 10. 

F I G W  11. 

FIGURE 12. 

FIGURE 13. 

FIGURE 14. 

FIGURE 15. 

FIGURE 16. 

FIGURE 17. 

FIGURE 18. 

FIGURE 19. . 

FIGURE 20. 

FIGURE 21. 

FIGURE 22. 

FIGURE 23. 

FIGURE 24. 

~ E R I M E N T A L  SET-UP - OVERCHARGE STUDY 

X-RAY PATTERNS OF INITLAL SWEEP SINTERED PLATE POSITIXE 
ELECTRODE WHILE ON CHARGE AT 50 MA 

X-RAY PATTERN OF SINTERED PLATE POSITIVE ELECTRODE FINAL 
SWEEP OF OVERCHARGE CELL ON CHARGE AT 50 MA 

X-RAY PATTERN OF SINTERED PLATE POSITIVE ELECTRODE BFTER 
OPEN CIRCUIT STAND 

X-RAY PATTERN OF SINTERED PLATE POSITIVE ELECTRODES DURING 

20 = 12" to 14.5" 
CHARGE AT 50 MA AND FOLLOWING OPEN CIRCUIT SWEEP BETWEEN 

X-RAY PATTERN OF SINTERED PLATE POSITIVE ELECTRODE BETWEEN 
20 = 10" to 80' WHILE ON CHARGE, AT 50 MA 

X-RAY PATTERN OF SINTERED PLATE POSITIVE ELECTRODE BETWEEN 
28 = 10" to 80" ON CHARGE AT 50 MA FOR 140 MINUTES 

X-RAY PATTERN O F  SINTERED PLATE POSITIVE ELECTRODE BETWEEN 
20 = 10" t o  80' ON INITIAL OPEN CIRCUIT 

X-RAY PATTERN OF SINTERED PLATE POSITIVE ELECTRODE BETWEEN 
28 = 10' to 80" AFTER 16 HOURS ON OPEN CIRCUIT 

X-RAY PATTERN FOR UNIMPREGNATED SINTERED PLATE DURING 
INITIAL CHARGE 

X-RAY PATTERN FROM UNIMPREGNATED SINTERED PLATE AFTER BEING 
ANODIZED FOR 4 HOURS 

X-RAY PATTERN OF ENLARGED CELL POSITIVE ELECTRODE ON OPEN 
c = W I T  

X-RAY PATTERNS OF ENLARGED C E U  POSITIVE ELECTRODE DURING 
O i T R C U G E  Kt 120 Nil 

X-RAY PATTERN OF ENLARGED CELL POSITIVE ELECTRODE AFTER AN 
ADDITIONAL 2 HOURS OF OVERCHARGE 

X-RAY PATTERN OF ENLARGED CELL POSITIVE ELECTRODE-TWO SWEEPS 
BETWEEN 28 = 10" to 40" DURING INITLAL CHARGE 

X-RAY PATTERN OF ENLARGED C E U  POSITIVE ELECTRODE-TWO SWEEPS 
BETWEEN 20 = 10' t o  40" AFTER 3 HOURS OF CHARGE 



LIST OF TABLES AND FIGURES 
( C o n t i n u e d )  

FIGURE 25. XLRAY PATTERN OF ENLARGED CELL POSITIVE ELECTRODE-TWO SWEEPS 
BETWEEN 28 = 10" t o  40' AFTER 6 HOURS OF CHARGE 

FIGURE 26. X-RAY PATTERN OF ENLARGED CELL POSITIVE ELECTRODE B E W E N  
28 = 10" t o  40* ON INITIAL OPEN CIRCUIT AND AFTER 3 HOURS 
OPEN CIRCUIT STAND 

FIGURE 27*  X-RAY PATTERN OF ENLARGED CELL POSITIVE ELECTRODE-TWO SWEEPS 
BETWEEN 20 = 10" t o  40" AFTER 65 HOURS OPEN CIRCUIT STAND 

FIGURE 28. X-RAY PATTERN OF ENLARGED C E U  POSITIVE ELECTRODE-TWO SWEEPS 
BE-EN 20 = ioo  to -40"  AFTER 1 WEEK OPEN CIRCUIT STAND 

FIGURE 29. * BLOCK DIAGRAM O F  D.T.A. APPARATUS 

FIGURE 30. 

FIGURE 31. 

FIGURE 32. 

FIGURE 33. 

FIGURE 34. APPARATUS FOR DETERMINATION OF HYDROGEN 

THERMOGRAM OF CHARGED SINTERED NICKEL PLATE - C RATE 

THERMOGRAM OF CHARGED SINTERED NICKEL P W E  - C/10 RATE 

THERMOGRAM OF A COMPLETELY DISCHARGED SINTERED NICKEL PLATE 

THERMOGRAM OF POSITNE PLATE DISCHARGED TO THE "GRAPHITIC" LEVEL 0 
FIGURE 35. PRESSURE VS. AMPERE HOUR INPUT- FOURTH AND FINAL SEALED CHARGE 

FIGURE 36. 

FIGURE 37'. 

PRESSURE VS. AMPERE HOUR INPUT -FIRST FLOODED CHARGE 

. X-RAY PATTERN UNIMPREGNATED SINTERED NICKEL PLATE WET WITH KOH 
AND COVERED WITH POLYETHYLENE 

FIGURE 38. X-RAY PATTEb OF SINTERED NICKEL PLATE STILL WET WITH KOH 
BUT P0L-E RXMOVED - 



SUMMARY 

A s tudy of t h e  compounds formed on a n i c k e l  oxide e l ec t rode  wi th  
r e spec t  t o  charged s tand ,  charge rate,  s ta te  of charge,  and during overcharge,  
has been made. 
a n a l y s i s ,  chemical a n a l y s i s ,  and spectography. Most of the  work was done 
by means of XAray d i f f r a c t i o n .  

This w a s  done using X-ray d i f f r a c t i o n ,  d i f f e r e n t i a l  thermal 

It was found t h a t  the  ac t ive  compounds of t he  e l ec t rode  a r e  essen-  
t ia l lyMNiOOH and Ni(OH)2 during ordinary condi t ions of charge and discharge.  
During overcharge, an uns tab le  compound i s  found having the  X-ray p a t t e r n s  
l i s t e d  by AS" f i l e s  f o r  X N i O O H .  
X-ray monitoring a two p l a t e  c e l l  during overcharge. Data f o r  decay of  t h i s  
compound during open c i r c u i t  stand a r e  a l s o  presented.  I n  some cases ,  t he  
l i n e s  o f  the  compound disappear  completely. One case is  shown where a f t e r  
extended s t a n d , T  NiOOH seems t o  decay i n t o  a compound whose X-ray p a t t e r n s  
f i t  4Ni(OH)2*NiOOH.  

These p a t t e r n s  were obtained by means of 

D i f f e r e n t i a l  thermal ana lys i s  has ind ica ted  the ex is tence  of a 
compound of  n i c k e l  a t  t he  "graphi t ic"  l e v e l  which- d i f f e r s  from both 
,& N i W  and Ni(OH)2. 

I n i t i a l  cyc l ing  da ta  and t e s t i n g  are a l s o  presented f o r  s i n t e r e d  

c ; ? . L . c z ? h  ' 

p l a t e  n i c k e l  and tubu la r  graphi te  types of p o s i t i v e  p l a t e s .  

An experiment -for s t a b i l i z i n g  the  s i n t e r e d  p l a t e  n i c k e l  oxide 
e l ec t rode  by means of formation a t  var ious  rates and temperatures has  been 
s t a r t e d .  

- 1- 



INTRODUCTION 

A. PURPOSE 

Work performed under t h i s  cont rac t  was d i r e c t e d  (1) toward 
an i d e n t i f i c a t i o n  of t h e  n icke l  oxide compounds formed during charge 
and discharge of t he  e lec t rodes ;  (2) t o  determine when they a r e  
formed; (3) t o  determine which f a c t o r s  (such as cu r ren t  dens i ty  and 
temperature) a f f e c t  t h e  charge process;  (4) t o  relate the  she l f  l o s s  
process  t o  these  compounds, and (5) t o  determine the  compounds which 
disappear  during discharge of t hese  e lec t rodes .  

I n  order  t o  accomplish t h i s ,  a t h r e e  phase program was 
devised. 

Phase I was d i rec ted  toward a study of s h e l f  l i f e  changes 
i n  t h e  n i cke l  e l ec t rode  a t  room temperature and c e r t a i n  low and 
e leva t ed temp e ra  t u r  e s  . 

Phase I1 d e a l t  w i t h  t h e  forms of n icke l  oxides appearing 
a t  var ious  states of charge,  and a l s o  with the  appearance of uns tab le  
oxides  during dynamic overcharge. 

Phase 111 d e a l t  with methods of  prepara t ion  of p o s i t i v e  
s i n t e r e d  p l a t e  e l ec t rodes  which a r e  s t a b l e  a t  high temperatures with 
r e spec t  t o  she l f  and cycle  l i f e .  

B. MEETINGS 

Two meetings hetween Gulton and NASA Lewis p e r s m n e l  were 
he ld  during t h e  con t r ac t  period a t  Gulton I n d u s t r i e s  i n  Metuchen, N . J .  

The meetings took p lace  on September 1, 1964 and 
January 5, 1965. A t  each meeting, M r .  W. Nagle represented  NASA, 
Lewis .  D r s .  R. C.  Shai r  and H. N. Seiger  and M r .  P. Ri t tennan were 
p re sen t  f o r  Gulton Indus t r ies .  M r .  M. Lur ie ,  of Gulton, w a s  a l s o  
p re sen t  a t  t he  f i r s t  meeting. 

-2- 



INVESTIGATION OF 

BATTERY ACTIVE NICKEL OXIDES 

by 

P. Ritterman and H. N. Se iger  

ABSTRACT 

2389 b 
A study of the  compounds formed on a n i cke l  oxide e l ec t rode  

with r e spec t  t o  charged s tand,  charge r a t e ,  s ta te -of -charge ,  and 
during overcharge has  been made. This was done by means of X-ray 
d i f f r a c t i o n ,  d i f f e r e n t i a l  thermal a n a l y s i s ,  chemical a n a l y s i s  and 
spectrography. 
d i f f r a c t i o n .  

The majori ty  of t he  work w a s  done by means of X-ray 

It has  been found t h a t  t h e  a c t i v e  compounds of t h e  e l ec t rode  
a r e  e s s e n t i a l l y  F N i O O H  and Ni(OH)2 during ordinary condi t ions  of 
charge and discharge.  During overcharge, an uns tab le  compound i s  
formed having the  X-ray pa t t e rns  resembling those of 6 N i O O H .  These 
p a t t e r n s  were obtained by means of X-ray monitoring a two p l a t e  c e l l  
during overcharge. 
c u i t  are a l s o  presented.  

Data of t he  decay of t h i s  compound on open c i r -  

D i f f e r  en t i a l  t h  erma 1 ana l y s  i s  has  ind ica ted  the  ex is  tance 
of a compound of n i c k e l  a t  the "graphi t ic"  l e v e l  which d i f f e r s  from 
both p N i 0 O H  and Ni(OH)2.  

I n i t i a l  cycl ing data and t e s t i n g  are a l s o  presented f o r  
s i n t e r e d  p l a t e  n i c k e l  and tubular  g raph i t e  types of p o s i t i v e  p l a t e s .  

An experiment f o r  s t a b i l i z i n g  t h e  s i n t e r e d  p l a t e  n i c k e l  
oxide e l ec t rode  by means of formation a t  d i f f e r e n t  r a t e s  and tempsra- 
t u r e s  has  been s t a r t e d .  ! 
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I. OUTLINE AND REVIEW OF PROGRAM 

The t h r e e  phase program was devised t o  s tudy both t h e  tubu la r  
and s i n t e r e d  p l a t e  p o s i t i v e  e lec t rodes .  
s t r u c t u r a l ,  d i f f e rences  of t h e  two types of  e l ec t rodes  brought f o r t h  i n  
Phase I, caused us t o  concentrate  our  s t u d i e s  on t h e  s i n t e r e d  p l a t e  
e l ec t rode .  

The e lec t rochemica l ,  as w e l l  as 

A. LITERATURE SEARCH 

1. Bibliography 

The following a r t i c l e s  c o n s t i t u t e  t h e  bibl iography on e l e c t r o -  
chemically formed n icke l  oxides. 

a. 

b. 

C .  

d. 

e. 

f. 

g *  

h.  

i. 

Inves t iga t ion  of the S in t e red  P l a t e  Nickel-Cadmium Bat te ry .  
F i n a l  Report - Sandia Corp., 1958, A, J. Salkind,  P. F. Bruins. 

Nickel-Cadmium Cells I. Thermodynamics and X-ray S tud ie s ,  
A. J. Salkind,  P, F. Bruins,  J. of Electrochemical Soc ie ty ,  
V o l .  109,  NO. 5, P. 356-360. 

Inves t iga t ions  on the Reaction Mechanism of  t h e  Nickel-  
Cadmium C e l l .  s. Uno Falk ,  J.  Electrochemical Soc ie ty ,  
Vole 107, NO. 8, P. 661-667 

X-ray Studies  of Divalent and Tr iva l en t  Nickel  Compounds. 
Cairns  and O t t ,  J. American Chemical SOC., 55, 527 (1933) 
and 55, 533 (1933) 

The S t ruc tb re  of Higher Nickel Hydroxides. 
Einerhand, Z e i t s c h r i f t  Fur Anorganische Cheme 261 (1950), 

G l e m s e r  and 

P -  43-51. 

Chemical Processes  a t  t h e  Electrodes of Electrochemical  
Sources of Current.  H. Bode, Angew. Chem. 73 (1961) 553-60 

The Signi f icance  of EMF Decay Measurement; Appl ica t ion  t o  
Nickel Oxide Elec t rode .  Conway and Sol;rgault, T r a m .  Faraday 
Socie ty  58, 593-607 (1962) 

Open C i r c u i t  Studies  Highly Oxidized N i O  Surface Absorbed 
02 Radicals .  Conway and Bourgault ,  Canadian Journa l  of 
Chemistry 38, (1960) 1557-75,'. 

Alkal ine  Storage Batteries - The Se l f  Discharge of  t h e  
P o s i t i v e l y  Charged Nickel Oxide Electrode.  
Work, Naval Research Laboratory NRL r e p o r t  4844, 4845. 

Pitman;.. and 
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j .  H.  N. Seiger and R. C. Sha i r ,  Paper presented  a t  t h e  E lec t ro -  
chemical Society Meeting, F a l l  1962, D e t r o i t .  

k. The Nickel Oxide Electrode-3. G.W.D. Briggs and W.F.K 
Wynne Jones ,  Trans. of Faraday Society NO. 405, Vol. 59, 
(1956) 1272-1281. 

1. The Higher Nickel Hydroxide; t h e  Oxidation of Nickel I1 
Hydroxide. 
U. Allgem. Chem. 283 (1956) P. 88-95. 

Fe i tknecht ,  Chr i s ten  and Studer ,  Z. Anorg. 

m. The Forming Process i n  Nickel P o s i t i v e  Elec t rodes .  D Toumi, 
Jou rna l  of t h e  Electrochemical Soc ie ty ,  Jan.  1965, Vol. 112 ,  
No. 1. 

2. Review of L i t e r a t u r e  

Although va r ious  e x o t i c  compounds of n i c k e l ,  oxygen and hydrogen 
were discussed and prepared by Cairn and O t t ,  Glemser and Einerhand 
and a number of o the r  i n v e s t i g a t o r s ,  i t  was never s t a t e d  t h a t  t hese  
were found t o  correspond t o  any p a r t i c u l a r  s ta te -of -charge  of t h e  
posit i .ve p l a t e .  For t h e  most p a r t ,  t hese  au tho r s  (Cairns, O t t ,  
G l e m s e r ,  Einerhand) concentrated on t h e  chemical ox ida t ion  of n i c k e l  
hydroxide r a t h e r  than e l e c  trochemica 1. 

Compounds which were claimed t o  have been found due t o  charge 
and d ischarge  of a n i c k e l  hydroxide e l e c t r o d e  are: 

p NiOOH, Ni203.2H20, Ni203*H20, N i ( O H ) 2 ,  Ni302\(0H)4, NiOOH 

The most r e c e n t  works on t h i s  sub jec t  were by Salkind and Bruins 
and Uno Falk. 
and Ni(OH)2 under ordinary charge and d,ischarge conditions.  
extreme overcharge conditions,  Salkind found t h a t  Ni203*H20 i s  a l s o  

These authors p re sen t  da t a  i n d i c a t i n g  onlypNiOOH 
Under 

formed. 
temperatures by X-ray d i f f r a c t i o n  measurement. 
between Salkind and Fa lk  on t h e  one hand, and o t h e r  au thors  which the  
former i n v e s t i g a t o r s  a t t r i b u t e d  to  d i f f e r e n t  procedures used i n  prepar -  
ing the  p o s i t i v e  p l a t e s  f o r  X-ray a n a l y s i s .  
s p e c i a l  c e l l s  which enabled X-ray work t o  be done on p l a t e s  wet wi th  
hydroxide. 
have caused t h e  formation of other n i c k e l  oxide compounds. 

These r e s u l t s  were obtained a t  var ious  s t a t e s  of charge and 
There i s  a discrepancy 

Salkind and Falk arranged 

The o the r  au thors  washed and d r i e d  t h e i r  p l a t e s ,  which could 

pie ll.-..."..L 5,LapiLic"  e l e v e l  , o r  aecoiid d ischarge  l e v e l  , correspond- 
ing  t o  a p l a t e a u  a t  a c e l l  voltage of 0.7 v o l t s  has  been hypothesized 
a s  Ni302(0H)4. 
a t  any s t a t e  of charge. 

This compound, however, w a s  no t  found by Fa lk  o r  Salkind 

The ex i s t ance  of h igher  oxides h e l p  exp la in  an excess capac i ty  
The workers of 10%-15% found upon d ischarge  of f r e s h l y  charged p l a t e s .  

about t h e  t u r n  of t h e  century,  and more r e c e n t l y  Bode, have speculated 
t h e  ex i s t ance  o f  t h e  uns t ab le  and amorphous compound N i 0 2 .  

-5- 



The work of Pitman and Work a t t r i b u t e  the  10% excess capac i ty  t o  
adsorbed oxygen. 
i s  due t o  adsorbed oxygen on the  discharged Ni(OH)2.  

They a l s o  claim t h a t  t he  so-ca l led  "graphi t ic"  l e v e l  

Conway and Bourgault a t t r i b u t e  the  excess capac i ty  t o  a mono- 
l aye r  su r face  phase of adsorbed oxygen-containing r a d i a l s  such as 0, 
OH on t h e  conducting metal  sur face ,  o r  a higher  oxide of n i cke l .  They 
found t h a t  t he  volume of oxygen evolved from t h i s  phase corresponds t o  
less than a monolayer of surface.  

Toumi speaks of t e t r a v a l e n t  n i cke l  compounds which are formed 
i n  concentrated e l e c t r o l y t e  and a t  e leva ted  temperatures.  
pounds c o n s i s t  of n i cke l  oxygen and the  ca t ion  of t h e  e l e c t r o l y t e .  

These com- 

B. PLAN OF EXPERDENTS 

The p lan  and execution of t h e  th ree  phase program descr ibed i n  
t h e  previous Quarter ly  Reports i s  ou t l i ned  below: 

1. Phase I 

The e f f e c t  of stand on t h e  chemical, e lectrochemical  and 
s t r u c t u r a l  c h a r a c t e r i s t i c s  of the  s i n t e r e d  n i cke l  and tubular  
g raph i t e  n i c k e l  e lec t rode  w a s  inves t iga ted .  These c h a r a c t e r i s -  
t i c s  have been s tud ied  by X-ray d i f f r a c t i o n ,  chemical a n a l y s i s ,  
d i f f e r e n t i a l  thermal ana lys i s  and spectrograph. 

2. Phase I1 

The oxides of n icke l  formed during overcharge of a s i n t e r e d  
p o s i t i v e  e l ec t rode  have been s tudied .  I n  order  t o  i n v e s t i g a t e  
the  uns tab le  oxides which might be formed, i t  w a s  necessary t o  
study them during continuous overcharge by means of X-ray d i f -  
f r a c t i o n  p a t t e r n s .  The appearance, growth, s h i f t ,  and i n  some 
cases  disappearance of l i n e s  not  a s soc ia t ed  with n i c k e l ,  n i c k e l  
hydroxide andf in icke l  hydroxide have been followed. 

The e f f e c t  of state of  charge and rate of charge on t h e  
s t r u c t u r a l ,  chemical and electrochemical  c h a r a c t e r i s t i c s  of 
s i n t e r e d  n i cke l  e lec t rodes  were s tudied.  

I 

3 .  Phase I11 

Experiments lead ing  t o  the  s t a b i l i z a t i o n  of n i c k e l  compounds 
formed during charge and overcharge i n  a s i n t e r e d  n i c k e l  e l ec t rode  
were begun. The e f f e c t  of formation r a t e  and temperature i s  
p resen t ly  being s tudied  f o r  t h e i r  s t a b i l i z i n g  inf luence .  
t rodes  w i l l  be evaluated f o r  t h e i r  performance a t  e leva ted  
temperatures up t o  95OC. This eva lua t ion  w i l l  be performed a s  
p a r t i a l  f u l f i l l m e n t  of the  extension of t h i s  con t r ac t .  

Elec- 
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11. EXPERIMENTAL RESULTS 

A. EXPERIMENTAL PROCEDURE 

1. Phase I 

a .  Prepara t ion  of P la tes  

(1) Sin tered  P l a t e s  

All s i n t e r e d  p l a t e s  0.035" x 2-1/8" x 1-7/8" were 
impregnated a t  one time by the  continuous impregnation 
method of Gulton Indus t r ies .  
age of 2.6 grams as N i ( O H ) 2 .  

Each p l a t e  gained an aver-  

(2) Pocket P l a t e s  

Froin the  batch of N i ( N 0 3 ) 2  used t o  impregnate s i n t e r e d  
p l a t e s  descr ibed above, a po r t ion  was taken and combined 
with a s l i g h t  excess of KOH t o  p r e c i p i t a t e  Ni(OH)2.  The 
p r e c i p i t a t e  w a s  washed by decanta t ion  and then f i l t e r e d  
through a Buchner funnel. The p r e c i p i t a t e  was f u r t h e r  washed 
i n  t h e  Buchner funnel and then a i r  d r i e d  a t  5OoC f o r  3 days. 
The d r i ed  p r e c i p i t a t e  was ground i n t o  a powder i n  a mortar 
and p e s t l e .  F ina l ly  it w a s  s i f t e d  through an 80 mesh s ieve .  

The p r e c i p i t a t e  was combined with number 2M f l a k e  
g raph i t e  obtained from t h e  Asbury Graphi te  Company i n  r a t i o  
of 7 p a r t s  n i cke l  hydroxide t o  3 p a r t s  graphi te .  
t u r e  w a s  ground with the  mortar and p e s t l e  and then 
wetted with KOH t o  form a very t h i c k  pas t e .  The w e t  Ni(OH)2 
m i x  was then tamped i n t o  a hollow pe r fo ra t ed  s t a i n l e s s  steel  
cy l inder  1/4" O.D. x 4-1/2','. 

The m i x -  

b. Construct ion of  Cel ls  

(1) Sin tered  P l a t e s  

Two p o s i t i v e  p l a t e s  w e r e  combined wi th  3 nega t ive  p l a t e s  
of t h e  same dimension and w i t h  non-woven nylon separa tor  made 
i n t o  a c e l l  core.  The core w a s  placed i n t o  a p l a s t i c  con- 
t a i n e r ,  shimmed t i g h t l y ,  and then flooded with 34% KOH e l ec -  
t r o l y t e .  Th i r ty  such c e l l s  have been constructed.  

(2) Tubular P l a t e s  

The s t a i n l e s s  s t e e l  tubes were f i l l e d  with a mix of 
g raph i t e  and powdered Ni(OH)2,  prepared a s  descr ibed i n  the  
F i r s t  Quar te r ly  Report. The tube w a s  s ea l ed  on t h e  bottom, 
placed i n  a s p e c i a l  j i g ,  and then f i l l e d  by tamping small  
amounts of a c t i v e  material a t  a time. Af te r  f i l l i n g ,  a t a b  
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was welded t o  the  top. Thus, t he  completed tubular  p o s i t i v e  
e l ec t rode  had t h e  dimensions 4” x 7/32’’ I . D .  
p o s i t i v e  p l a t e s  were constructed and surrounded with an excess 
of  aq t ipod ic  capaci ty  i n  the  form of  s i n t e r e d  p l a t e  cadmium 
e lec t rodes .  

Th i r ty  such 

C. Formation 

(1) SirL;iered P l a t e s  

Since these  c e l l s  had never seen cu r ren t ,  i t  w a s  decided 
t o  g ive  them two constant cu r ren t  charge-discharge cyc les .  
The f i r s t  cycle  involved a 24 hour sho r t ing  per iod  followed 
by a charge a t  0.300 amperes f o r  9 hours .  The subsequent 
d i scharge  was c a r r i e d  ou t  a t  0.500 amperes t o  0.0 v o l t s .  The 
second cyc le  s t a r t e d  again wi th  a 24 hour s h o r t .  The second 
charge was a t  0.300 ampere f o r  7 hours.  The second discharge 
w a s  a t  0.500 ampere t o  0.0 v o l t s .  

Af te r  t h i s  preliminary cyc l ing  t h e  c e l l s  received 6 cycles  
involving a constant  load discharge.  The 6th cyc le  w a s  neces- 
s i t a t e d  by a temporary f a i l u r e  i n  recording equipment during 
the  previous cycle .  Each cyc le  cons is ted  of a 24 hour s h o r t ,  
a 7 hour charge a t  0.300 amps, a discharge through a 2.4 d x  
r e s i s t o r  t o  a vo l t age  approaching zero.  Each c e l l  on each 
cycle  w a s  ind iv idua l ly  discharged through i t s  own 2 . 4 R  r e s i s t o r .  
Based on the  r e s u l t s  of t h e  6th cyc le ,  21 ce l l s  c l o s e s t  i n  
capac i ty  were chosen out of t h e  group of 30 c e l l s .  These were 
divided i n t o  three  groups: t h e  f i r s t  containing those 7 c e l l s  
with t h e  h ighes t  capaci ty;  t h e  second group wi th  those 7 c e l l s  
having the  lowest capaci ty;  and t h e  remaining 7 c e l l s  cons t i t u t ed  
t h e  l a s t  group. From these ,  7 groups of  3 c e l l s  were formed 
wi th  each group containing a h igh ,  middle,  and l s w  ce l l .  

(2) Tubular P l a t e s  

Prel iminary t e s t s  showed t h a t  cur ren t  d e n s i t i e s  cor res -  
ponding t o  the  C/5  rate,  based on t h e o r e t i c a l  capac i ty  could 
no t  be used due t o  the h igh  vo l t age  and immediate oxygen gassing 
a t  t h e  p o s i t i v e .  Edison’s pa t en t  11678722, by which these  p l a t e s  
were made, c a l l e d  f o r  anextended charge a t  a cur ren t  dens i ty  of 
50 ma/in2. 
W ~ Z ,  also too grea t .  

This corresponded t o  155 mil l iamperes ,  which w e  found 
--- - 

Empir ical ly ,  i t  was found t h a t  a 50 m a  charge gave sa t -  
It w a s  a l s o  empir ica l ly  e s t ab l i shed  t h a t  i s f a c t o r y  r e s u l t s .  

a discharge r a t e  of 50 m a  corresponded e s s e n t i a l l y  t o  t h e  C / 3  
d ischarge ra te .  

Based on these  r e s u l t s ,  t h e  formations were performed. 
Each ‘ c e l l  w a s  given 5 cyc les ,  involving a 50 ma charge f o r  
16 hours  followed by ind iv idua l  discharges through a 22 ohm 

. r e s i s t o r .  This was followed by a 24 hour s h o r t .  During t h e  
f i r s t  t h r e e  cyc les ,  the cel ls  were discharged t o  0.2V before  
sho r t ing .  The las t  two d ischarges  were taken t o  1.OV. 
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Based on the  r e s u l t s  of t h e  5th d i scha rge , . 21  c e l l s  
c l o s e s t  i n  capac i ty  were chosen out  of t he  group of 30. 
These, i n  t u r n ,  were divided i n t o  t h r e e  groups of 7 c e l l s  
each, according t o  capaci ty;  h igh ,  medium, and low. This  
procedure is  i d e n t i c a l  w i th  t h a t  p rev ious ly  used f o r  t h e  s i n t e r e d  
p l a t e  c e l l s .  

d .  Preparatory Se l f  Discharge Measurements and Analysis 

(1) Sin tered  P l a t e  Cells 

The 21 c e l l s  se lec ted  as descr ibed above were placed i n  
an o i l  ba th ,  kept a t  25OC, and were charged a t  0.150A whi le  
thermostat ted f o r  a period of 20 hours.  One group of  t h r e e  
c e l l s  w a s  allowed t o  s tand on open c i r c u i t  f o r  24 hours  a t  
which po in t  t hese  c e l l s  were taken a p a r t  and the  p o s i t i v e s  
of two c e l l s  s to red  a t  25OC i n  KOH i n  t h e  o i l  bath.  
p o s i t i v e s  from the  t h i r d  c e l l  were immediately analyzed - one 
dry and one w e t  - by X-ray d i f f r a c t i o n .  A d r y . p l a t e  i s  one 
which w a s  washed i n  d i s t i l l e d  water  and vacuum dr i ed .  
w e t  p l a t e  is  one which w a s  immediately covered with a poly- 
e thylene  bag. The other  p o s i t i v e s  were analyzed - one w e t ,  
one dry - 24 hours af terward,  and one 48 hours  af terward.  
Two groups were removed a t  t he  end of t h e  20 hour charge 
per iod  and remained on open c i r c u i t  a t  a temperature of 5OoC 
f o r  24 hours .  
t o  a vo l t age  of 1.25 v o l t s .  
w a s  taken a p a r t .  From t h i s  p o i n t ,  t he  p l a t e s  were t r e a t e d  as 
25OC runs descr ibed above. 
a t  5OoC f o r  a per iod  of 3 months, covered, t o  avoid evaporat ion.  
Two groups were removed a t  t h e  end of t h e  20 hour charge and 
remained on open c i r c u i t  a t  10°C f o r  24 hours .  
discharged t o  1.25 v o l t s  and a l s o  t r e a t e d  as  the  25OC runs 
descr ibed above. 
f o r  3 months. 

The 

A 

A t  t h i s  t i m e ,  one group w a s  discharged a t  0.500A 
The group t h a t  w a s  discharged 

The undischarged group remained 

One group w a s  

The o the r  group remained on s tand a t  10°C 

A t  t he  end of the second q u a r t e r ,  t h e  s i n t e r e d  p l a t e  c e l l s  
had completed t h e i r  3 months s tand  a t  25O, loo ,  and 5OoC. 
From t h e  a n a l y s i s  of previous X-ray da ta  obtained during 
the  f i r s t  q u a r t e r ,  and as w a s  s t a t e d  i n  the  F i r s t  Quar te r ly  
Report ,  a l l  X-ray work done during the  remainder of t h e  year  

condi t ion most w d b  with t h e  p o s i t i v e  p l a t e s  i n  the  "wet"  
resembling t h e i r  condition wi th in  an  a c t u a l  c e l l .  It w a s  a l s o  
found t h a t  l i t t l e  d i f f e rence  ex i s t ed  among t h e  h igh ,  low, and 
medium capac i ty  groups wi th  r e spec t  t o  X-ray c h a r a c t e r i s t i c s .  

--- - 

m e r e f o r e ,  only 4 p o s i t i v e  p l a t e s  were analyzed using 
X-ray d i f f r a c t i o n ;  one which had stood 3 months a t  a tempera- 
t u r e  of 25OC, one which had t h e  same s tand  t i m e  a t  a tempera- 
t u r e  of 10°C, and two t h a t  s tood for t h a t  du ra t ion  a t  5OoC. 
Three p l a t e s  from t h e  low capac i ty  group were used f o r  t h i s ,  
and as a check, an add i t iona l  p l a t e  f o r  t h e  h igher  capac i ty  
group w a s  used a t  5OoC. 
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(2) Tubular P l a t e  Cel ls  

Based on s t a t i s t i c a l  d i s t r i b u t i o n  of capaci ty  f o r  the  
2 1  c e l l s ,  i t  w a s  decided t h a t  s i x  c e l l s  would be s u f f i c i e n t  f o r  
t h i s  test. 
t e s t s  run on s in t e red  p l a t e s ,  t h e r e  was l i t t l e  d i f f e rence  
among X-ray c h a r a c t e r i s t i c s  of t he  high,  low, and medium 
group. The s ix  c e l l s  s e l e c t e d  had 2 r ep resen ta t ives  of each 
group based on the  discharge of t h e  f i f t h  cycle .  
were placed i n  an o i l  ba th ,  kept a t  2 5 O C ,  and t h e r e  charged 
a t  0.015 amperes f o r  a per iod of 20 hours.  

This was supported by the  f a c t  t h a t  i n  previous 

The 6 c e l l s  

One c e l l  was allowed t o  s tand  on open c i r c u i t  i n  the  
o i l  bath f o r  a period of 24 hours .  A t  t h i s  p o i n t ,  t he  c e l l  
was taken a p a r t ,  the  s t e e l  tube opened, i t s  a c t i v e  m a t e r i a l  
placed i n  a sample holder ,  and immediately X-rayed. Another 
c e l l  was removed from t h e  o i l  bath a f t e r  being charged and 
allowed t o  s tand 24 hours a t  10°C. A t h i r d  was allowed t o  
s tand f o r  24 hours a t  5OoC. 
a c t i v e  ma te r i a l  removed and X-rayed a s  descr ibed above. 

The l a t t e r  two c e l l s  were opened, 

The th ree  remaining c e l l s  were allowed t o  s tand  f o r  
3 months, with one c e l l  kept  a t  each of t h e  above mentioned 
temperatures.  

The study of the e f f e c t  of prolonged s tand a t  var ious  
temperatures of tubular  n i cke l  e l ec t rodes  was completed. 
The 3 c e l l s  which had been on s tand  f o r  t h ree  months a t  
loo ,  25O, and 5OoC were opened and the  p o s i t i v e  material 
X-rayed. 

2. Phase I1 

a*.. Unstable Nickel Oxides 

A two p l a t e  c e l l  having a p o s i t i v e  e l ec t rode  of t h e  dimensions 
1 x 2 x 0.09 cm., and a negat ive e l ec t rode  of the  same thickness  
and twice the  a r e a ,  was contained wi th in  a polyethylene bag. The 
p o s i t i v e s  and negat ives  had t a b s ,  extending through the  bag, enab- 
l i n g  t h e  c e l l  t o  be charged. 

The cell w a s  charged f o r  1 hour a t  the  C r a t e  ( 5 0  miii iamperesj  
based on p o s i t i v e  capacity.  It w a s  then placed i n  the  goniometer 
of t he  X-ray apparatus .  The charge w a s  continued a t  50 ma while  
t h e  c e l l  was being X-rayed. A sweep between the angles  2 8 = 10' 
and 80' was made, and a f t e r  i t s  completion, t h e  X-ray apparatus  
w a s  re turned  t o  10' a s  the charge continued. This w a s  done f o r  a 
t o t a l  of 6 sweeps, corresponding t o  an overcharge of 350% a t  t he  
C r a t e .  
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The X-ray apparatus was then shut  o f f  , and a f t e r  20 hours on 

The c e l l  was then discharged. 
open c i r c u i t ,  the  c e l l  was X-rayed again between the  angles  of 
2 8  = 10' and 80'. 

The discharged c e l l  was placed on charge a t  50 m a  wi th in  t h e '  
goniometer of t he  X-ray apparatus  and con t inua l ly  monitored 
between the  angle  sweeg of 2 8  = 1 2 O  t o  14.5'. 
swept between 2 8  = 1 2  t o  14.5', a l s o ,  whi le  on opened c i r c u i t  
f o r  an a d d i t i o n a l  4 hours. Af te r  65 hours on open c i r c u i t ,  
another series of sweeps were made between 2 8  = 12' t o  19'. 
c e l l  was discharged,  and again char ed i n  t h e  goniometer a t  50 m a .  

f o r  25 hours.  
on open c i r c u i t  i n i t i a l l y ,  and a f t e r  16 hours.  

The c e l l  w a s  

The 

The sweep was increased t o  2B. = 10 % t o  80'. The charge continued 

The c e l l  w a s  then swept between 2 8  = 10' to 80' 

I n  order  t o  show t h a t  no "strange" l i n e s  occur due t o  the  
p r e c i p i t a t i o n  of KOH c r y s t a l s ,  a c e l l  cons i s t ing  of two unimpreg- 
nated s i n t e r e d  p l a t e s  was b u i l t  and charged i n  the  goniometer i n  
the  same manner. The c e l l  w a s  charged f o r  4 hours  a t  200 ma. 
An improved vers ion  of t he  two p l a t e  c e l l  was b u i l t  which allowed 
f o r  a f l a t t e r  su r f ace  of t h e  p o s i t i v e  covered with polyethylene 
exposed t o  t h e  X-ray beam. 

The a r e a  of t he  p o s i t i v e  was a l s o  increased t o  2.5 x 1.6 cm. 

The c e l l  was X-rayed on 'open c i r c u i t  
The a rea  of t h e  negat ive w a s  s u f f i c i e n t l y  increased t o  a s su re  
a p o s i t i v e  l i m i t i n g  c e l l .  
between the angles  2& = 10' t o  80°. The c e l l  w a s  charged a t  
the  C r a t e  (120 m a 2  fo r  2% hours and X-ray monitored during over- 
charge a t  26,  = 10 The c e l l  w a s  aga in  discharged and 
given a charge wi th in  the goniometer a t  120 ma. f o r  a t o t a l  of 6 
hours ,  during which time it was continuously swept between t h e  
angles  239 = loo  t o  40'. 
on open c i r c u i t  f o r  one week. X-rays were taken,  i n i t i a l l y ,  a f t e r  
3 hours ,  65 hrs . ,  and one week. 

t o  80°. 

The c e l l  w a s  then allowed t o  s tand 

b. S t ab le  Nickel Oxides 

Th i r ty - s ix  s in t e red  p l a t e  c e l l s ,  i d e n t i c a l  t o  those used i n  
Phase I ,  were employed here .  Although no t  prev ious ly  planned, it 
was deemed advisable  t h a t ,  before  any t e s t i n g  with r e spec t  t o  t h e  
electrochemical  and chemical c h a r a c t e r i s t i c s  was begun, t hese  c e l l s  
be given formation cycles .  The formation cons is ted  of 5 cycles  
involving charge,  discharge through a constant  load (2.4 ohms) 
t o  l.OV, followed by a dead shor t .  

(1) Determination of C and C/10 r a t e s  

(a) C Rate 

Three c e l l s  (See Table V, c e l l s  1, 9 , and 10) whose 
capac i ty  on the 5 th  formation d ischarge  was approximately 
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equal ,  were charged a t  0.75 amperes f o r  a per iod  of 
2 hours and 45 minutes and then a t  0.50 amperes f o r  
an add i t iona l  65 minutes. The c e l l s  were then d i s -  
charged a t  1.5 amperes. 

(b) C/10 Rate 

Three add i t iona l  c e l l s ,  8 ,  4 ,  and 2 7 ,  of the  36 
formed, were charged f o r  a per iod  of 20 hours  a t  
0.150 ampere and then discharged a t  t h e  same rate .  

( 2 )  S t a t e  of  Charge Tests 

(a) C Rate 

Charge t o  200% of  Capacity 

Cells 1, 9,  and 10 were charged a t  t h e  C ra te  f o r  
a per iod  of  two hours.  The c e l l s  were allowed t o  s tand  
on open c i r c u i t  f o r  2 4  hours ,  a t  which t i m e  t h e i r  pos i -  
t i ve  p l a t e s  were X-rayed. 
c e l l  1 was a l so  X-rayed a f t e r  a 72 hour s tand .  

One of t he  p o s i t i v e  p l a t e s  of  

Charged 10% Beyond Vigorous Gassing 

C e l l  5 was r e b u i l t  t o  a l low p o s i t i v e  t o  be  v i s i b l e  
by t h e  removal o f  t h e  shims. The c e l l  w a s  charged a t  
t h e  C rate. After vigorous gassing w a s  no t i ced  from 
t h e  p o s i t i v e ,  the charge w a s  continued f o r  an  a d d i t i o n a l  
10% of t h e  input necessary t o  s t a r t  t h e  gassing.  
a 2 4  hour stand, t h e  p o s i t i v e  p l a t e  of t h i s  c e l l  w a s  
X-rayed a 

Afte r  

Charged 20% Below Vigorous Gassing Point 

Cells 1 9  and 2 4  were charged a t  t h e  C r a t e  f o r  a 
length of time 20% less than t h a t  requi red  t o  achieve  
vigorous gassing,  as  had been determined previous ly .  
The p o s i t i v e  of c e l l  19 w a s  X-rayed fol lowing a 2 4  hour 
s tand.  
72 hour stand. 

The p o s i t i v e  of c e l l  2 4  w a s  X-rayed a f t e r  a 

Char-ed ?QQ% =ischar-& A d I O  G I - 9  

Cells 23 and 32 were charged a t  t h e  C rate f o r  
two hours and then  immediately dischargeh a t  t h e  same 
r a t e  f o r  30 minutes. 
X-*.. ;ed following a 2 4  hour s tand.  
c e l l  23 was X-rayed fol lowing a 72 hour s tand.  

The p o s i t i v e  of ce l l  32 w a s  
The p o s i t i v e  of 

Charged 200% - Discharged 75% 

C e l l  25 was charged a t  t h e  C rate f o r  2 hours  a f t e r  
which i t  w a s  discharged f o r  45 minutes a t  t h e  same rate .  
Following a 72 hour  s tand ,  t he  p o s i t i v e  of t h e  c e l l  w a s  
X-rayed e 
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Charged 200% - Discharged t o  C e l l  Voltage of  Zero 

Ce l l  28 was charged a t  t h e  C r a t e  f o r  2 hours  and 

Af te r  a 72 hour s tand,  t h e  p o s i t i v e  of t h e  c e l l  
then discharged a t  t h e  same rate t o  a c e l l  v o l t a g e  of 
zero. 
was X-rayed. 

(b) C/10 Rate 

Charged 200% of Capacity 

C e l l s  13, 16, and 18 were charged a t  t h e  C/10 rate 
A p o s i t i v e  p l a t e  of each of t h e  c e l l s  f o r  20 hours. 

was X-rayed following a 72 hour stand. 

Charged 10% Beyond Vigorous Gassing 

C e l l  7 was r e b u i l t  i n  such a manner a s  t o  make 
vigorous gassing from t h e  p o s i t i v e  v i s i b l e  ( the  shims 
were removed). The c e l l  w a s  charged a t  t h e  C/10 r a t e  
t o  a coulombic inpu t  10% i n  excess of t h a t  necessary  
t o  produce vigorous gassing. A f t e r  a 72 hour s t and ,  
t h e  p o s i t i v e  of t h e  c e l l  w a s  X-rayed. 

The test w a s  repea ted  using c e l l  30, which w a s  
charged a t  the C/10 rate f o r  11 hours.  Af t e r  a 2 4  hour 
s t and ,  an X-ray was made of one of i t s  p o s i t i v e  p l a t e s .  

Charged 20% Below Vigorous Gassing Po in t  

C e l l s  1 7  and 26 were charged a t  C/10 t o  an input  
equal t o  20% less than  t h a t  requi red  t o  produce vigorous 
gassing. After a 48 hour s tand ,  an X-ray w a s  taken f o r  
t h e  p o s i t i v e s  of both c e l l s .  The tes t  was repea ted  with 
c e l l  31 by charging it f o r  8 hours  a t  t h e  C/10 r a t e .  
Af t e r  a 24 hour s t and ,  i ts  p o s i t i v e  was X-rayed. 

Charged 200% - Discharged 50% 

C e l l  4 was charged 20 hours  a t  t h e  C/10 r a t e  and 
then  discharged a t  t h e  same rate f o r  5 h’ours. 
w a s  on open c i r c u i t  s tand  f o r  72 hours  before  i t s  p o s i t i v e  
w a s  X-rayed. 

The c e l l  

Charged 200% - Discharged 75% 

C e l l  22 w a s  charged f o r  20 hours  a t  t h e  C/10 rate 
and then  discharged a t  t h a t  rate f o r  7.5 hours .  Follow- 
ing  a 72 hour s t a n d ,  t h e  p o s i t i v e  of t h e  c e l l  w a s  X-rayed. 

Charged 200% - Discharged t o  Cell Voltage Equals Zero 

C e l l  36 w a s  discharged t o  a v o l t a g e  o f  V=O a t  t h e  
C/10 r a t e  a f t e r  i t  had rece ived  a 20 hour charge a t  t h a t  
r a t e .  
Af t e r  a 72 hour s t and ,  t h e  p o s i t i v e  w a s  sub jec t ed  t o  
a n a l y s i s  by X-ray. 

This ,  t oo ,  w a s  a p o s i t i v e  capac i ty  l i m i t e d  c e l l .  
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3 .  PHASE 111 - Methods of S t a b i l i z a t i o n  

a .  Construction of  C e l l s  

27  c e l l s  were constructed using one .035" x 1-7/8" x 2-1/8" 
unformed s i n t e r e d  p o s i t i v e  surrounded by two negat ive  p l a t e s .  
The p o s i t i v e s ,  as before ,  were manufactured e n t i r e l y  a t  Gulton 
Indus t r i e s .  
a c t i v e  ma te r i a l  weighed as Ni (0H)  The method of manufacture 
of t h e  p l a t e  i s  t h e  same a s  descr lbed i n  Phase I. 

Each p o s i t i v e  contained an average of 3.4 grams 

? *  

b. Formation Procedure 

C e l l s  were formed i n  groups of 3 a t  t h r e e  d i f f e r e n t  tempera- 
t u r e s  and t h r e e  d i f f e r e n t  rates. The t h r e e  rates were 500 m a ,  
100 ma, and 35 m a ,  which correspond t o  t h e  2 hour ,  10 hour ,  and 
30 hour r a t e s ,  respec t ive ly .  The t h r e e  temperatures were 10°C, 
25OC, and 5OoC. 
each of t h e  9 d i f f e r e n t  condi t ions of r a t e  and temperature.  

Thus, one group of 3 c e l l s  w a s  formed under 

The charge a t  each rate was of such du ra t ion  as t o  equal 
150% of  t h e  t h e o r e t i c a l  capaci ty  of t he  c e l l .  The d ischarge  
w a s  t o  zero p o t e n t i a l ,  followed by a minimum of a 2 hour s h o r t .  

C e l l s  w i l l  r ece ive  3 formation cyc les .  A t  t h e  time of w r i t i n g ,  
t h e  formations a2e being completed. 

4 .  Methods of Analysis  

a. X-ray D i f f r a c t i o n  

The genera l  procedure f o r  ob ta in ing  an X-ray p a t t e r n  was as 
fol lows : 

(1) Mount sample on sample holder  

(2) 
m u l t i p l i e r .  

S e t  f u l l  s ca l e  equal  t o  appropr i a t e  s c a l e  f a c t o r s  and 

(3) 
a sweep r a t e  of 2' pe r  minute. 
equal  t o  30" per  hour. 

(4) 
( A ta'Jie h a s  been made of t h i s  f o r  each 0.lo step.)  

S e t  i n  t h e  culminating s l i t s  and set the  machine a t  
The c h a r t  speed w a s  set 

Calcu la te  "d" spacings from n h =  2d s i n e  . A= 1.5374 

b .. D i f f e r e n t i a l  Thermal Analysis  

Three t h i n  chromel-alumel thermocouples were mounted i n t o  a 
s t a i n l e s s  steel block. One thermocouple i n  t h e  block records 
ambient temperature.  
oppos i t ion  t o  each other t o  record t h e  temperature d i f f e r e n c e  
between t h e  sample and t h e  alumina s tandard.  
i s  used t o  automatical ly  p l o t  temperature  d i f f e r e n c e s  between 
ambient and t h e  temperature d i f f e r e n t i a l  e x i s t i n g  between alumina 

The o the r  two are set with p o l a r i t y  i n  

The X-Y recorder  
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0 
and sample. 
The thermocouple measuring ambient temperature i s  cemented i n t o  
t h e  hole .  The sample i s  powdered and a weighed quan t i ty  packed 
i n t o  t h e  sample compartment . 

Three holes i n  the  block hold t h e  t h r e e  thermocouples. 

The following samples were i n v e s t i g a t e d  by d i f f e r e n t i a l  
thermal ana lys i s :  

(1) Alumina, Ba (NO3) . 
(2) 
(3) Ni(OH)2 more r e c e n t l y  prepared 
(4) Commercial Ni(OH)2 
(5) Charged s in t e red  p l a t e s  
(6) 
(7) 

Ni(OH)2 prepared i n  J u l y  1964 f o r  tubular  p l a t e s  

S in te red  p l a t e s  discharged t o  t h e  "graphi t ic"  l e v e l  
Completely discharged s i n t e r e d  p l a t e s  . 

c. Chemical Analysis  

(1) Nickel 

The determination of n i c k e l  h a s  been done by p r e c i p i t a t i o n  
from a b a s i c  s o l u t i o n  as n i c k e l  dimethylgloxime. 

(2) Oxygen 

The:determinat ion of oxygen w a s  done by means of r e a c t i n g  
samples with excess of a c i d  s o l u t i o n  of K I  followed by t i t r a -  
t i o n  of t h e  l i b e r a t e d  iod ine  wi th  s o d i m  t h i o s u l f a t e .  

A 

J 
1 

' 0  
(3) Hydrogen 

Hydrogen was  determined by oxid iz ing  t h e  sample wi th  
K2Cr04 and PbCrOq a t  600OC. 
p o r c e l a i n  boat.  A h o t  a i r  blower forced t h e  r e s u l t a n t  steam 
i n t o  a weighed drying tube. 

The r e a c t i o n  occurred i n  a 

(4) Determination of Average Valence S t a t e  of Nickel  Compounds 

Samples were d i s so lved  i n  excess a c i d i c  As2O3. A f t e r  t h e  
d i s s o l u t i o n ,  t h e  remaining As203 w a s  determined by t i t r a t i o n  
wi th  s tandard  Kmn04. 
t i o n  wi th  dimethylgloxime completes t h e  a n a l y s i s .  

A de te rmina t ion  of n i c k e l  by p r e c i p i t a -  

5. Spec ia l  Tes t s  

a. Determination of E f fec t  on P o s i t i v e  P l a t e  C h h r a c t e r i s t i c s  
With Respect t o  Sealed and Vented Charge. 

A test t o  show a s i m i l a r i t y  of compounds i n  t h e  p o s i t i v e  of 
a p o s i t i v e  l i m i t i n g  c e l l  can be based on t h e  number of coulombs 
passed through anodes dur ing  charge before  a r a p i d  r ise  i n  
p r e s s u r e  i s  noted. 
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A sea led  e l e c t r o l y t e  s ta rved  VO-6HS c e l l  equipped wi th  a 
pressure  gauge and evacuated, w a s  charged and discharged f o r  4 
cyc le s  i n  the  following manner: (1) charged a t  1.2 amperes u n t i l  
a rap id  rise of pressure, wi th  respec t  t o  t i m e ,  w a s  noted. The 
charge was then  continued f o r  a s h o r t  t i m e  beyond t h i s  po in t .  
(2) Discharged a t  3.0 amperes t o  1.OV. 
n igh t .  

(3) Dead shor ted  over- 

Af te r  completion of t h e  4 cyc le s ,  t h e  ce l l  w a s  f looded wi th  
KOH, vented t o  the  atmosphere, and then resea led .  F ive  add i t iona l  
cyc le s  were now given t o  t h i s  c e l l .  
(1) 1.2 amperes charge f o r  a t i m e  s l i g h t l y  beyond a rap id  pressure  
r ise  (2) a discharge to  1.OV a t  3 amperes (3) an overnight  s h o r t  
(4 )  vent ing  t o  atmospheric pressure  and r e sea l ing .  

Each cyc le  cons i s t ed  o f ;  

b. Analysis of M-2 Graphite Flake 

The g raph i t e  f l ake  used as a conducting material on t h e  
tubu la r  p o s i t i v e  p l a t e s  was q u a n t i t a t i v e l y  analyzed f o r  impur i t ies .  
This  was done by means of spectrographic  a n a l y s i s  a t  Ledoux & Co. 
i n  Teaneck,. N. J . 
c .  Analysis of Sintered Nickel Electrodes a t  the  "Graphitic" 

Leve 1. 

(1) By Means of X-Ray Di f f r ac t ion  

Three c e l l s  were charged a t  t h e  C/10 ra te  f o r  18 hours 
and discharged t o  zero  p o t e n t i a l  a t  500 mil l iamperes  (C/3). 
The ce l l s  were placed on dead s h o r t  f o r  4 hours and again 
charged a t  t h e  C/10 rate f o r  17 hours.  They were discharged 
t o  0 v o l t s  a t  C/5 wi th  vol tage  t r aced  by means of a recorder .  
Shor t ing  and charge were repeated.  The ce l l s  were then d i s -  
charged t o  the  beginning of t he  "graphi t ic"  level and then 
allowed t o  s tand  on open c i r c u i t  f o r  24 hours before  a pos i -  
t ive  from each c e l l  w a s  analyzed by means of X-ray d i f f r a c t i o n .  

(2) By Means of D i f f e r e n t i a l  Thermal Analysis 

Prepared p o s i t i v e s  a t  t h e  "graphi t ic"  level were washed 
wi th  d i s t i l l e d  water and a i r  dr ied .  Samples were ground i n  
a mor ta r  wi th  a p e s t l e  and placed i n  t h e  sample holder  of t h e  
s t a i n l e s s  s tee l  block. Analysis w a s  made wi th  t h e  D.T.A 
apparatus. 

d.  X-Ray of Various Components of t he  P o s i t i v e  S in t e red  P l a t e  

X-ray d i f f r a c t i o n  p a t t e r n s  were obtained from Ni(OH)2, poly- 
e thylene ,  a s i n t e r e d  n i cke l  p l a t e ,  a s i n t e r e d  n i c k e l  p l a t e  covered 
wi th  polyethylene dry  and a s i n t e r e d  n i c k e l  p l a t e  covered wi th  w e t  
polyethylene.  After X-raying a s i n t e r e d  n i c k e l  p l a t e  wi th  the  w e t  
polyethylene,  t h e  polyethylene was  removed and t h e  same p l a t e  w a s  
aga in  X-rayed. 
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B. DATA - 
1. Phase I 

a. Formation 

(1) S in te red  P la t e s  

The capac i t i e s  expressed as t i m e  i n  minutes f o r  t h e  two 
prel iminary discharges and t h e  s i x t h  and f i n a l  cons tan t  load 
discharge cyc les  a r e  shown i n  Table I. The c a p a c i t i e s  are 
taken t o  a zero  v o l t  cut-off  f o r  t h e  f i r s t  two cyc les  and 
t o  t h e  knee of the f i r s t  vo l tage  p l a t eau  f o r  t h e  s i x t h  cons t an t  
load cyc le .  The letters H, M, L next  t o  cells i n  Table I i n -  
d i c a t e  t h a t  these  were s e l e c t e d  as t h e  matched capac i ty  curves ,  
and a l s o  t o  which group they were r e l ega ted  us ing  the  l e t t e r s  
f o r  "High", "Medium" and "Low" capac i ty .  This  based on t h e  
s i x t h  cons tan t  load cyc le .  F igure  1 shows a t y p i c a l  discharge 
curve f o r  t h e  s in t e red  p l a t e  c e l l  through the  2.4 ohm r e s i s t o r .  

(2) Tubular P la t e s  

The capac i t i e s  of t h e  30 tubu la r  p l a t e  cells  expressed i n  
minutes t o  1.OV appear i n  Table 11. The d ischarges  through a 
22 ohm r e s i s t o r ,  f o r  t he  1st and 5 t h  cyc le s ,  are given. The 
le t te rs  H, M, L next t o  c e l l s  i n  t h a t  t a b l e ,  i n d i c a t e  t h a t  
t hese  w e r e  se lec ted  as t h e  21 c l o s e s t  i n  capac i ty ,  and a l s o  
t o  which group they were r e l ega ted  us ing  the le t te rs  f o r  
'Tligh", "Medium" and "Low" capac i ty ,  based on the  d ischarge  
t o  1.OV during the 5 t h  q c l e .  

F igure  2 shows a t y p i c a l  d i scharge  curve through t h e  
22 ohm r e s i s t o r  when discharge w a s  allowed t o  proceed beyond 
the 1.OV cu t -o f f ,  as w a s  done i n  t h e  f i r s t  3 discharges.  

Prepara tory  Se l f  -Discharge Measurements and Analysis b. 

(1) S in te red  Tlates 

X-ray d i f f r a c t i o n  p a t t e r n s  were taken of p o s i t i v e  p l a t e s  
on charged s tand  a t  room temperature (25"), e leva ted  tempera- 
t u r e  (50°C) and cold temperature (10°C). Because only s i x  
X-ray p a t t e r n s  could be obtained i n  one working day, and be- 
cause w e  wanted both "wet"  and "dry" p a t t e r n s  a t  t h r e e  temper- 
a t u r e s  for  l"High", l'Medium" and "Low" capac i ty  p l a t e s ,  t h r e e  
days were required t o  o b t a i n  a l l  18 X-ray p a t t e r n s .  
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2. 

Table 111 l i s t s  the  major peaks obtained from these  
X-rays. The X-ray p a t t e r n s  of a l l  t he  p l a t e s  were shown 
i n  the  F i r s t  Quarter ly  Report. Figures  3, 4 and 5 are 
examples of t h e  i n i t i a l  charged s tand X-rays obtained from 
"wet" p l a t e s  s tored  a t  25"C, 50'C and 10°C r e spec t ive ly .  
The X-ray pa t t e rns  from "wet"  p l a t e s  on t h r e e  months s tand  
a t  these  temperatures appear i n  Figures  6 ,  7 and 8. 

(2) Tubular P la t e s  

The s i x  c e l l s  chosen f o r  t h i s  t e s t  were numbers 2, 8, 
10, 16, 24 and 30. A l l  were t r e a t e d  as descr ibed i n  the  
previous sec t ion  with respect t o  thermostated charge. Af te r  
24 hour s tands on open c i r c u i t  a t  temperatures of 25"C, 10°C 
and 5OoC, X-ray d i f f r a c t i o n  p a t t e r n s  were. obtained from a c t i v e  
ma te r i a l  i n  the  pos i t i ves  of c e l l  numbers 10, 30 amd 16 
respec t ive ly .  

Af te r  cells  2 ,  8 and 10 had been on s tand  f o r  3 months 
t h e i r  a c t i v e  mater ia l  obtained from the p o s i t i v e  w a s  X-rayed. 
The p a t t e r n s  obtained from these  s i x  p o s i t i v e s  were tabula ted  
i n  the  form of "d" spacings and i n t e n s i t i e s  and appear i n  
Table  IV. 

Phase I1 

a. Unstable Nickel Oxides 

The experimental setup shown i n  Figure 9 was used f o r  t h i s  t e s t .  
The p o s i t i v e  p l a t e  was placed f ace  up i n  the  goniometer. X-ray d i f -  
f r a c t i o n  p a t t e r n s  were taken a f t e r  the  c e l l  had received a f u l l  charge 
with respec t  t o  the  pos i t i ve .  Figure 10 i s  the  p a t t e r n  obtained dur- 
ing  t h e  f i r s t  sweep between 28 = 10" and 80". 
overcharge the  sweep shown i n  Figure 11 is complete a t  t h i s  po in t .  
The c e l l  has  been on continuous charge f o r  350% of i t s  r a t e d  capac i ty  
a t  t he  C rate, 

At t he  completion o f  

Af t e r  a 20 hour stand the  c e l l  w a s  again X-rayed between 
28 = loo and 80" (Figure 12) .  

The c e l l  w a s  discharged and then charged wi th in  the goniometer. 

Figure 13 shows the change i n  i n t e n s i t y  of t he  X-ray d i f f r a c t i o n  
p a t t e r n  betwen 20 = 12" and 14.5" with charge time and on opened c i r -  
c u i t .  A peak appears a t  13.7' growing during charge and decaying on 
opened c i r c u i t .  
Figure 14 shows the X-ray d i f f r a c t i o n  p a t t e r n s  of t h e  p o s i t i v e  be- 
tween 28 = 10" and 80' while the  cel l  w a s  being charged a t  50 m i l l i -  
amperes ( the C r a t e ) .  

Af te r  65 hours,  t he  peak a t  13.7" has disappeared. 
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Figure 15 shows the sweep f o r  20 = 80" t o  10" with charge 
cont inuing.  A t  the  completion of t h i s  sweep, t he  ce l l  had been 
on charge 140 minutes. 
t o  10" with the  c e l l  on open c i r c u i t .  
between 28 = 10" t o  80' a f t e r  t he  c e l l  has been on open c i r c u i t  
f o r  16 hours. 
a s i n t e r e d  p l a t e  being p o s i t i v e l y  charged a t  200 mill iamperes.  
Figure 1 9  shows the  same sweep a f t e r  the  ce l l  had been on continuous 
charge f o r  4 hours.  t 

Figure  16 shows a sweep between 28 = 80" 
Figure 17 sh0ws.a sweep 

Figure 18 shows a sweep between 20 = 10" t o  80" of 
I 

i 

Figure 20 shows the X-ray p a t t e r n  of t h e  enlarged c e l l  on open 
c i r c u i t  monitored between 26 = 10" and 80". Figure 2 1  shows the 
X-ray p a t t e r n  obtained from the  same c e l l  during overcharge. Af te r  
an a d d i t i o n a l  2 hours of charge no change i n  t h e  p a t t e r n  w a s  ob- 
served as shown i n  Figure 22. The c e l l  was again discharged and 
given an extended charge f o r  6 hours while w i th in  t h e  goniometer. 

Figure 23 shows the X-ray d i f f r a c t i o n  p a t t e r n  obtained during 
i n i t i a l  charge;y two sweeps between 20 = 10" t o  40".  
shows two sweeps between the  same angles a f t e r  3 hours of charge. 
Figure 25 shows same after 6 hours of charge.  

Figure 24 

The c e l l  w a s  placed on open c i r c u i t .  Figure 26 shows i n i t i a l  I 

I sweep and another  sweep following 3 hour s tand  between 20 = 10" and 40". 
Figure  27 shows two sweeps between 28 = 10" and 40" af ter  t h e  c e l l  had 
completed 65 hours on stand. 
week on open c i r c u i t .  

Figure 28 shows t h e  same a f t e r  one (1) 

b. S t a b l e  Nickel Oxides 

The c a p a c i t i e s  obtained from the 36 p l a t e s  during discharge 
through a 2.4 ohm r e s i s t o r  are tabula ted  f o r  t h e  5 formation cyc les  
i n  Table V. Capaci t ies  are expressed as minutes t o  1.OV. 

(1) Determination of t he  C and C/10 R a t e  

(a) C Rate 

Cells 1, 9 and 10 when discharged a t  1.5 amperes re- 
quired 46 xiinutes t~ reach 0.OV. 
t h e  C r a t e  then was s e t  equal t o  1 . 2  amperes. 

To t he  -irearest t en th ,  

(b) C/10 Rate 

Cel l s  8, 4 and 27 when discharged t o  0.6V a t  0.150 
ampere required 9 hours and 56 minutes,  10 hours and 4 
minutes and 9 hours and 48 minutes r e spec t ive ly .  Thus, 
0.150 ampere was e s t ab l i shed  as t h e  C/10 discharge rate. 
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(2) S t a t e  of Charge Tes ts  

i 

' The pos i t i ve  plates  of t h e  c e l l s  charged and discharged 
t o  the  var ious states of charge a t  the  C and C/10 r a t e s  were 
X-rayed. The I'd" spacings and the  i n t e n s i t i e s  from the  var ious  
X-ray p a t t e r n s  are shown i n  Table V I .  The X-rays themselves 
appear i n  the  Third Quarter ly  Report. 

When using the beginning of vigorous gassing of t h e  pos i -  
t i v e  p l a t e  t o  ind ica te  f u l l  charge it w a s  found t h a t  65 minutes 
of charge were required a t  1 .2  amperes, while a t  .150 ampere 
855 minutes o f  charge were necessary.  

3 .  Phase 111 - Methods of S t a b i l i z a t i o n  

The c a p a c i t i e s  obtained during d ischarge  of each formation cyc le  a t  
the  t h r e e  condi t ions  of r a t e  and tempera tureare  l i s t e d  i n  Table VII. 
Cells a r e  numbered 1 through 27. Cells 1 through 9 were formed a t  
25OC - c e l l s  10 through 18 a t  8OoC and cells 19 through 27 a t  10°C. 
Cells 1, 2,  3 ,  10, 11, 12, 19,  20 and 21 were formed a t  500 m i l l i a m p e r e s  - c e l l s  4 ,  5, 6, 13, 14, 15, 21, 23 and 24 a t  100 mill iamperes and 
cells 7 , 8 , 9 ,  16, 17, 18, 25, 26 and 27 a t  35 mill iamperes .  The forma- 
t i o n  tests f o r  c e l l s  25 through 27 have j u s t  begun and no d a t a  are,as 
yet,  ava i l ab le .  

4 .  Methods of Analysis 

a. X-Ray 

The d a t a  obtained by X-ray a n a l y s i s  appears i n  var ious  f i g u r e s  
and t a b l e s  dea l ing  w i t h  Phases I and 11. 

b. D i f f e r e n t i a l  Thermal Analysis 

F igure  29 i s  a Block Diagram of t he  D.T.A. apparatus .  D.T.A. 
c a l i b r a t i o n  wi th  alumina and Ba (NO3)2 y ie lded  s a t i s f a c t o r y  da ta .  
Three samples of Ni(OH)2 - two of which w e r e  prepared i n  t h i s  
labora tory  and one of which w a s  purchased - were'analyzed. Resul t s  
i nd ica t ed  a t r a n s i t i o n  a t  temperatures of 539'F, 580°C and 660°F f o r  
t he  samples prepared here i n  J u l y ,  1964 and i n  e a r l y  1965 and f o r  t he  
purchased sample. A thermogram from a s i n t e r e d  n i cke l  p l a t e  charged 
a t  t h e  C rate appears i n  F igure  30. Various phase changes a r e  i n -  
d ica ted .  Figure 31 shows a thermogram f o r  a s i n t e r e d  p o s i t i v e  charged 
a t  C/10. An even g rea t e r  number of t r a n s i t i o n s  are indica ted  here .  
A thermogram of a completely discharged p l a t e ,  Figure 32, i n d i c a t e s  
only one t r a n s i t i o n  a t  583OF. 
of a p o s i t i v e  p l a t e  discharged t o  the  "graphi t ic"  l eve l .  This  d i f f e r s  
from t h a t  obtained with t h e  charged and completely discharged p l a t e s .  

F igure  33 i s  a thermogram of a sample 
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c. Chemical Analysis 

(1) Nickel 

The s tandard iza t ion  showed the  dimethylgloxime method f o r  
The amount of n i c k e l  found n i c k e l  t o  be accurate and p rec i se .  

i n  t he  Ni(OH)2 which was used f o r  t h e  tubu la r  p l a t e s  corresponded 
t o  the  t h e o r e t i c a l  amount. 
source contained only 95% of t h e  expected amount of n i cke l .  

The sample received from an ou t s ide  

(2) Oxygen 

By use of the a c i d i f i e d  potassium iodide-sodium t h i o s u l f a t e  
method no oxygen was found by t h i s  method f o r  N i ( O H ) 2  o r  i n  t h e  
discharged p l a t e .  Less than  5% of t h e  expected amount was  found 
f o r  the charged p l a t e .  

(3) Hydrogen 

The apparatus f o r  t h e  determinat ion of hydrogen i s  shown 
i n  Figure 3 4 .  A discharged s i n t e r e d  p l a t e  w a s  t e s t e d  f o r  
hydrogen conten t ,  and an unusual ly  high amount w a s  found. Even 
though the  hot  air  flowing through t h e  tube f i r s t  w a s  passed 
through a drying agent, i t  i s  suspected t h a t  n o t  a l l  water vapor 
w a s  removed, accounting f o r  t h e  unusual ly  h igh  va lue .  Ext ra  dry 
a i r  completely sealed i n t o  t h e  in t ake  system i s  now being used. 

( 4 )  Determination of Average Valence S t a t e  of Nickel Compounds 

The valence s t a t e  i n  a f u l l y  charged t u b u l a r  g raph i t e  n i c k e l  
oxide e l ec t rode  was determined as equal t o  2.15. 

(5) Spec ia l  Tests 

(a) Determination of E f f e c t  On P o s i t i v e  P l a t e  Character-  
i s t ics  With Respect t o  Sealed and Vented Charge. 

The da ta  obta ined  during charging of a VO-6HS was 
p l o t t e d  f o r  each cyc le  i n  t h e  form of p re s su re  vs .  ampere 
hour o r  coulombic input .  F igure  35 i s  a p l o t  of r e s u l t s  
obtained from t h e  f o u r t h  sealed charge. Figure  36 i s  a 
p l o t  of pressure vs .  coulombic input  during flooded 
"vented charge" on the  cyc le  immediately fol lowing the  I 

fou r th  and f i n a l  s ea l ed  charge. I 

I 
(b) Analysis of M-2 Graphi te  Flake 

The i m p u r i t i e s  and t h e i r  amounts found i n  t h e  M-2 
Graphi te  Flake used as a conducting material f o r  t h e  
tubu la r  p l a t e s  are shown i n  Table V I I I .  
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C. 

(c) Analysis of S in te red  Nickel Electrode a t  the  
"Graph i t i c "  Leve 1 

i. By Mcans of X-Ray 

No major d i f f e rence  between Che peaks of a 
completely discharged p l a t e  and phose a t  the  
"graphi t ic"  l e v e l  are apparent .  

ii. By Means of D i f f e r e n t i a l  Thermal Analysis 

Figure 33 shows a thermogram of the  p o s i t i v e  
p l a t e  of a c e l l  discharged t o  the  "graphi t ic"  
l e v e l .  This thermogram i s  considerably d i f f e r e n t  
from t h a t  obtained from a completely discharged 
pos i t i ve .  The thermogram i n d i c a t e s  s eve ra l  t r an -  
s i t i o n s  f o r  a p l a t e  discharged t o  t h e  "graphi t ic"  
l e v e l ,  while ,  as previously mentioned, only a s i n g l e  
change is  ind ica ted  by t h e  completely discharged 
p l a t e .  

(d) X-Ray of  Various Componentsof t h e  S in t e red  Pos i t i ve  
Electrode Sample 

An X-ray d i f f r a c t i o n  p a t t e r n  c o n s i s t s  of a p a t t e r n  
of t h e  superpos i t ion  of t h e  n i c k e l  oxide e l ec t rode ,  
aqueous potassium hydroxide and polyethylene.  To 
resolve t h e  e f f e c t s  of t he  con t r ibu t ions  of each, 
s eve ra l  combinations were invest i ,gated.  The major 
lldll pacings are given i n  T a b l e  IX. Figures  37 and 
38 are the  d i f f r a c t i o n  p a t t e r n s  obtained from the  
same wet-sintered-unimpregnated p l a t e  with (Figure 
37) and without (Figure 38) polyethylene.  

Discussion 

1. Phase I 

As ind ica ted  i n  Figures 1 and 2 a second vol tage  l e v e l  e x i s t s  i n  both 
the  s i n t e r e d  n i c k e l  and tubular  g raph i t e  type of e l ec t rodes  s t a r t i n g  a t  a 
c e l l  vo l tage  of about 0.7V. This  p o t e n t i a l  corresponds t o  -0.1 t o  -0.2 
v o l t s  (Hg/HgO reference)  which happens i n c i d e n t a l l y  t o  be i n  the  range of 
oxygen c o n s u q t i o n  op. a p c s i t i v e  e l e c t r o d e  v i a  t h e  perhydroxyl mechanism. 
X-ray d a t a  has shown t h a t  no d i f f e rence  between a completely discharged 
s i n t e r e d  p l a t e  and a p l a t e  discharged t o  t h e  beginning of t he  "graphi t ic"  
l e v e l  e x i s t s .  D i f f e r e n t i a l  thermal ana lys i s  however i n d i c a t e s  considerable  
d i f f e rence  (Figures 32 and 33) between a discharged p l a t e  and one d i s -  
charged t o  the  beginning of t h e  "graphi t ic"  l e v e l .  The compounds cor res -  
ponding t o  the  "graphi t ic"  l e v e l  may be ad jacent  t o  the  g r i d  o r  amorphous. 
E i t h e r  of t hese  cons ldera t ions  would mask t h e i r  appearance when analyzed 
by means of X-ray. 
"graphi t ic"  level i s  not  due t o  any adsorbed oxygen, but  r a t h e r  t o  a 
compounds 

From t h i s  po in t  of view it may be assumed t h a t  t he  
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The "d" s pacings and i n t e n s i t y  obtained from X-ray da ta  of a c t i v e  
ma te r i a l  of t he  tubular  p l a t e s  a r e  shown i n  Table I V  f o r  p l a t e s  s tored  
24 hours a t  10°C, 25°C and 50°C and f o r  s i m i l a r  p l a t e s  s to red  a t  those 
temperatures f o r  3 months. The t ab id  revea ls  t h e  formation of add i t iona l  
spacings a f t e r  extended stand, e s p e c i a l l y  f o r  t h e  ma te r i a l  kept a t  5OoC. 
The decrease i n  i n t e n s i t y  of d = 2.321 t o  2.341 a f t e r  extended s torage  
would ind ica t e  t h a t  i n  a tubular  e l ec t rode  t h i s  l i n e  i s  assoc ia ted  with 
a form of n i c k e l  oxide which undergoes change during s tand.  This par-  
t i c u l a r  "d" spacing has been assoc ia ted  with N i ( O H ) 2 .  
of 1.471 on extended s tand,  a l s o  assoc ia ted  wi th  N i ( O H ) 2  would ind ica t e  
t h a t  we a r e  deal ing with a d i f f e r e n t  phase 
a s i n t e r e d  n i c k e l  p l a t e .  
r e c e n t l y  by Toumi. 
tubular  p l a t e s ,  even a t  low curren t  dens i ty ,  would ind ica t e  them t o  be 
of l i t t l e  value i n  t h i s  program. Thus, i nves t iga t ion  of t h e  tubular  
p l a t e  was not  included i n  Phase 11, 

The disappearance 

Ni(OE)2 t h m  t h a t  feund in  
Dif fe ren t  phases of Ni(OH)2 have been suggested 

These along with the  poor charge acceptance of t he  

The capac i t i e s  of the s in t e red  p l a t e s  a f t e r  the  6th cycle  (Table I) 
chosen t o  comprise the  7 t e s t  groups did not  vary from each o the r  s i g n i -  
f i c a n t l y ,  nor a s  may be deduced from da ta  i n  Table 111, was the re  a d i f -  
ference i n  the  X-ray c h a r a c t e r i s t i c s  due t o  "High", Medium" o r  "Low" 
capaci ty .  

It can be seen t h a t  d i f fe rences  e x i s t  between the  pa t t e rns  of wet 
and dry p l a t e s  a t  a l l  temperatures. The t a b l e  fur theer  shows l i t t l e  
d i f f e rence  between pa t te rns  of p l a t e s  i n i t i a l l y  s tored  a t  room temper- 
a t u r e  and 10°C.  However, a t  50°C the re  i s  a d i f f e rence  between p l a t e s  
s tored  .at t h a t  temperature and the  two o thers .  The increased number of 
peaks ind ica t e  t h a t  the  X-rayed sur faces  of p l a t e s  s tored  a t  50°C have 
been discharged t o  Ni(OH)2 - as shown by the  appearance of the  l i n e s  a t  
d = 2.721 - 2.77A. 1 .56i  and 1.481. Af te r  t h e  th ree  months s torage  the  
p l a t e s  s to red  a t  10°C show only the  peaks a t  d = 4.49A and 2.33A i n d i c a t -  
ing t h a t  l i t t l e  o r  no change i n  the  s t r u c t u r e  has occurred on s tand.  At: 
25°C the  li2es a t  d = 2.728 and 1.576t have appeared. A t  5OoC the  l i n e s  
a t  d = 2.67A, 1.571 and 1 . 4 7 i  appeared (Table  X).  The he ights  of a c t i v e  
n i c k e l  oxide peaks i n  r e l a t i o n  t o  the  n i cke l  peaks increased during the  
3 month s torage .  The higher the  s tand temperature,  t h e  g r e a t e r  t he  
r e l a t i v e  increase.  This  i s  hypothesized t o  be due t o  a migrat ion of a c t i v e  
ma te r i a l  causing g r e a t e r  wasking of t h e  previously in tense  n i c k e l  peaks. 
(Compare Figures  3,4,and 5 with Figures  6,7,and 8) 

The necess i ty  f o r  low charge r a t e s  with respec t  t o  both sur face  a reas  
and t h e o r e t i c a l  capac i ty  ind ica tes  a major d i f f e rence  between tubular  
p l a t e s  and s i n t e r e d  n i c k e l  p l a t e s .  The behavior poss ib ly  expla ins  why 
the o r i g i n a l  Edison process, using g raph i t e  had been abandoned i n  favor  
of a process employing f lake  n icke l .  
charge a t  cu r ren t  dens i t i e s  recommended by Edison f o r  i n i t i a l  treatment 
r e su l t ed  i n  a very ine f fec t ive  charge. 

The evolu t ion  of oxygen during 
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0 

0 

Phase I1 

a. Unstable Nickel Oxides 

The i n i t i a l  experiment showed the  ex i s t ence  of "s t range l i nes"  
which ar ise  during overcharge, remains while  overcharge i s  continued 
and wane during open c i r c u i t .  This  i s  shown i n  Figures  10, 11 and 
12 r e spec t ive ly .  

While scanning the c e l l  between 28-= 12" t o  14.5" during charge,  
and subsequent opened c i r c u i t ,  t h e  behavior of t h e  peak a t  13.7" in -  
d i ca t ed  t h e  formation of  an uns t ab le  compound (Figure 13). A tabula-  
t i o n  of t h e  peaks corresponding t o  t h e  "d" spacings during t h e  sub- 
sequent X-ray monitored charge,  overcharge and open c i r c u i t  w a s  made. 
A s  Table X I  shows, a peak occurred a t  d = 6.95 (28 = 12.7O). 
peak formed during the overcharge and decayed during s tand .  
completely decayed af ter  16 hours of s tand.  
were formed. 

This  
It has  

No o t h e r  decaying peaks 

The X-ray pa t t e rns  obtained during overcharge of t h e  enlarged 
ce l l  ind ica ted  t h e  formation of 3 peaks corresponding t o  F N i O O H  
as l i s t e d  by t h e  ASTM f i l e s .  

The X-ray d i f f r a c t i o n  p a t t e r n s  obtained during subsequent charge 

The char-  
and on open c i r c u i t  a r e  t abu la t ed  along wi th  t h e i r  i n t e n s i t i e s  i n  
Table X I I .  
acterist ics d = 6.951, 3.41A, 2.33A are present  t o  a s i g n i f i c a n t  i n -  
t e n s i t y  $ASTM - 6.90, 3.43, 2.37). I n  a d d i t i o n  a very  in t ense  l i n e  
d = 6.79A has app.eared. On i n i t i a l  open c i r c u i t  t h e  N i O O H  l i n e s  
are in tense ,"as  i s  6.798. 
P l i n e  6.95Ahas vanished, whi le  6.798 i s  p re sen t  and has  gained i n  
i n t e n s i t y .  The two o ther  l i n e s  a s soc ia t ed  w i t h ?  N i O O H  are s t i l l  pre-  
s e n t  and have a l s o  gained i n  i n t e n s i t y .  Af t e r  65"hours on open c i r -  
c u i t  t h e  l i n e  d = 7.35i  has appeared and d = 6.79$ has diminished i n  
i n t e n s i t y .  
i n t e n s i t y .  The 
l i n e s  d = 7.62A and 3.858 have appeared. These two l i n e s  are a s soc ia t ed  
wi th  t h e  compound 4Ni(OH)2 - NiOOH.  

As on previous zvercharge p N i O O H  is  produced. 

Af t e r  3 houzs on open c i r c u i t  s tand  the  

Line 2.338, has disappeared while  3.41A has increased i n  
Afcer 168 hoyrs  both 7.35A and 6.79A have vanished. 

The changing oE"d" spacings on open c i r c u i t  r a t h e r  than the  decay 
may be a t t r i b u t a b l e  t o  t h e  concent ra t ion  and amount of e l e c t r o l y t e  i n  
the ce l l .  Although the KOE was  never  allowed t o  c r y s t a l i z e ,  the amount 
and concent ra t ion  i n  the  c e l l  could no t  be r igo rous ly  con t ro l l ed .  Dur- 
ing  overcharge the  c e l l  l o s t  some amount of w a t e r .  This  w a s  replaced 
wi th  d i l u t e d  KOH. It i s  of i n t e r e s t  t o  note  t h a t  i t  has  been r e -  
por ted  by o t h e r  investigatcors,  
t o  washing and drying p l a t e s .  It i s  conceivable  from the  data ob- 
served he re  t h a t  appearance of s t r ange  l i n e s  and t h e i r  s t a b i l i t y  is  
a func t ion  of t h e  oxida t ion  s ta te  of t h e  e l e c t r o d e  and a l s o  a func- 
t i o n  of t h e  concentrated e l e c t r o l y t e .  The c o n t r o l  experiment which 
allowed f o r  tremendous overcharge on a s i n t e r e d  p l a t e  showed t h a t  no 
s t r ange  l i n e s  appeared as a r e s u l t  of KOH drying ou t  by i t s e l f .  

_ _  
t h a t  s t r ange  l i n e s  have been found due 
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b. S tab le  Nickel 0xi.des 

The "d" spacings and t h e i r  i n t e n s i t i e s  a t  var ious  s ta tes  of 
charge are shown i n  Table  V I .  This  has  been done f o r  both t h e  C 
and C/10 rates. Due t o  the  discrepzncy between gassing po in t  and 
capac i ty  a t  t he  C/10 rate, a d d i t i o n a l  tes ts  were run  tak ing  10 hours 
as f u l l  charge and charging 10% above and 20% below t h i s  va lue  as 
shown i n  t h e  t a b l e .  
d = 4 . 5 0 i  t o  4.701. 
charge and discharge s ta tes  no s i g n i f i c a n c e  t o  t h i s  can be assigned. 

All t h e  p o s i t i v e  e l ec t rodes  showed l i n e s  a t  
Since these  peaks are a s soc ia t ed  wi th  both t h e  

The peak appearing c t  l i n e  = 3.73k  - 3.77k shown i n  Table 
V I  and those a t  d = 3.626 - 3.73A i n  Table X I  can be assumed t o  be 
t h e  same. 
n o t  decay on stand.  A t  t h e  C of rate charge and discharge (1.2 
amperes) t h i s  l i n e  appears i n  a l l  p l a t e s  except when completely 
discharged. 

These peaks appear during charge and overcharge and do 

A t  t he  p o s i t i o n  f o r  t h e  l i n e  d = 2.32w - 2.36L no peak appears  
f o r  the  fou r  (4 )  p l a t e s  which were considerably overcharged and n o t  
discharged. This  l i n e  appears f o r  a l l  t h e  o t h e r  p l a t e s .  

I n  o rde r  t o  q u a n t i t a t i v e l y  determine t h e  s ta te  of charge of t h e  
n i c k e l  oxide e l ec t rode  by means of X-ray d i f f r a c t i o n ,  it may be 
necessary t o  consider  t h e  depth of pene t r a t ion  of X-rays i n t o  t h e  
s i n t e r e d  p l a t e  e lec t rode .  The d i f f r a c t i o n  p a t t e r n s  obtained from a 
p l a t e  which has  been discharged 50% appear t h e  same as those ob- 
t a ined  from a p l a t e  discharged 75%. 
pounds during charge and discharge of t h e  s i n t e r e d  p l a t e  e l ec t rode  
can occur by one of the  two fol lowing mechanisms: - (1) Atom 
t r a n s f e r s  a t  t h e  e l e c t r o l y t e / a c t i v e  material  i n t e r f a c e  wi th  charge 
t r a n s f e r  a t  t h e  ac t ive  ma te r i a l /g r id  i n t e r f a c e  - ( 2 )  Both charge 
and atoms t r a n s f e r  a t  t h e  e l e c t r o l y t e / a c t i v e  mater ia l  i n t e r f a c e .  
The d a t a  would indi'cate t he  f i r s t  mechanism c o r r e c t l y  descr ibes  
the  process  occurr ing during charge and discharge of  t h e  s i n t e r e d  
p l a t e  p o s i t i v e  e lec t rode .  

The formation of n i c k e l  com- 

3.  Phase I11 - S t a b i l i z a t i o n  

The main objec t ive  of t h i s  work i s  t o  u l t i m a t e l y  produce ce l l s  
w i t h  s i n t e r e d  p l a t e  n i cke l  oxide e l ec t rodes  t h a t  have a minimal 
capac i ty  l o s s  due t o  s to rage  a t  e leva ted  temperatures.  

a. The prel iminary e f f o r t s  are covered a t  t h i s  time, because t h i s  
Phase I11 work i s  the  b a s i s  of continued inves t iga t ions .  Formation 
charges were c a r r i e d  out a t  10°C, 25°C and 80°C as descr ibed  pre-  
viously.  Rates employed va r i ed  from 35 t o  500 mil l iamperes .  The 
r e s u l t s  of t h r e e  formation cyc le s  are shown i n  Table V I I .  

A t  80°C the capac i ty  of t h e  p l a t e s  appear t o  increase  wi th  
cyc l ing  alfhough they s tar t  wi th  low c a p a c i t i e s .  
10°C and 25°C both y i e l d  the same capac i ty ,  which i s  g r e a t e r  than 
a t  80°C and i s  independent of ra te  over  t h e  v a r i e t y  of rates used. 

Formation a t  

' 

- 25 - 



4 .  Methods of Analysis 

a. X-Ray 

The d iscuss ion  in Phases -1 and I1 have already d e a l t  wi th  X-ray 
and i t s  value as a method of ana lys i s .  

b. D i f f e r e n t i a l  Thermal Analysis 

The s i n g l e  t r a n s i t i o n  which w a s  found t o  occur f o r  pure 
Ni(OH)2 corresponds t o  t h a t  found f o r  t h e  completely discharged 
p l a t e  (Figure 31) .  This s u b s t a n t i a t e s  t he  evidence t h a t  t h e  a c t i v e  
material of completely discharged p l a t e s  c o n s i s t s  of Ni(OH)2. The 
p l a t e  charged a t  the C rate (Figure 29) ind ica t e s  t h e  presence of 
some N i ( O H ) 2  as wel l  as o the r  compounds. The p l a t e  charged a t  t h e  
C/10 r a t e  has an even g r e a t e r  number of t r a n s i t i o n  regions than t h a t  
a t  t h e  C r a t e  (Figure 30). The p l a t e  discharged t o  the  g raph i t e  
l e v e l  i n d i c a t e s  t he re  may be compounds d i f f e r e n t  from both t h e  
charged and discharged p l a t e  as seen i n  Figure 33. 
remain t o  be i d e n t i f i e d .  

These compounds 

c. Chemical Analysis 

(1) Nickel 

The ana lys i s  of n i cke l  compounds by the  dimethylgloxime 
method i s  q u i t e  s a t i s f a c t o r y .  The u t i l i t y  of t h e  method is  
evaluated on the b a s i s  of a q u a n t i t a t i v e  sepa ra t ion  of t he  
oxide from elemental n i cke l .  Thus, i n  the  tubular  p l a t e ,  
t he  method is eminently s u i t a b l e .  In  s i n t e r e d  p l a t e s ,  however, 
s epa ra t ion  by the NH3-NQCl s o l u t i o n  and g lyc ine  s o l u t i o n s  a r e  
l e s s  than per fec t .  This d i f f i c u l t y  does, indeed, prevent a 
formula weight determination of t h e  s i n t e r e d  p l a t e .  The 
e l e c t r i c  chemical behavior of t he  tubu la r  p l a t e ,  however, 
d i f f e r s  considererably from t h a t  of t he  s i n t e r e d  p l a t e ,  and 
even a t  very low c u r r e n t  d e n s i t i e s  cannot be charged t o  any 
ex ten t .  Thus, the determinat ion of a use fu l  formula weight 
by means of analyzing t h e  a c t i v e  material  of t he  tubular  p l a t e  
cannot be accomplished. 

(2) Oxygen 

The K I  methed for t he  d c t z m , h a t l o n  of a c t i v e  oxygen w a s  
found unsa t i s f ac to ry .  An alternate method, the  thermal decompo- 
s i t i o n  and subsequent absorp t ion ,  should be.more mer i tor ious .  

(3) Hydrogen 

The passage of d r i e d  hot  a i r  through t h e  tube led  t o  erron-  
eous r e s u l t s .  A completely c loseden t r ance  system using extra 
dry compressed a i r  is  now being used. 
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5. Determination of Average Valence S t a t e  of Nickel Compounds 

The valence found for  n i c k e l  i n  a charged tubu la r  g raph i t e  p l a t e  
corresponds t o  the  f a c t  t h a t  i t s  u t i l i z a t i o n  was l e s s  than 10%. I n  
order  t o -ach ieve  meaningful r e s u l t s  from a s i n t e r e d  n i c k e l  p l a t e ,  t h e  
n i c k e l  i t s e l f  must be mechanically removed. 

6. Specia l  Tes ts  

a. Determination of E f f e c t  on P o s i t i v e  P l a t e  C h a r a c t e r i s t i c s  
With Respect t o  Sealed and Vented Charge 

Sealed cells genera l ly  a r e  semi-dry while vented cells  conta in  
The quest ion of study of open c e l l s  was r a i s e d  mobile e l e c t r o l y t e .  

and an experiment was devised t o  provide i n s i g h t  i n t o  t h e  answer. 
The coulombic e f f i c i ency  of a semi-dry c e l l  w a s  compared t o  a 
vented-flooded c e l l .  Reasoning t h a t  s i m i l a r  coulombic inputs  would 
r e s u l t  i n  the  formation of t h e  same compounds o r  spec ie s ,  a dec i s ion  
could be made based on experimental  r e s u l t s .  

It is concluded from use i n  pressure  a t  nea r ly  the  same 
time f o r  t he  same c e l l  i n  t h e  two d i f f e r e n t  condi t ions ,  t h a t  t he  
coulombic e f f i c i e n c i e s  a r e  a l s o  nea r ly  t h e  same. From these  d a t a  
then, i s  the  j u s t i f i c a t i o n  of car ry ing  out experiments i n  the  
flooded unsealed manner. 

b. Analysis of M-2 Graphi te  Flake 

The r e s u l t s  of t he  ana lys i s  of the  g raph i t e  f l a k e  ind ica t e  t h a t ,  
except;  f o r  aluminum and s i l i c o n  the  ma te r i a l  i s  pure. 

c. Analysis of Sintered Nickel Electrode a t  t he  Graphi t ic  Level 

The d i f f e rence  i n  r e s u l t s  obtained from ana lys i s  using D.T.A 
and X-ray was explained i n  t h e  d iscuss ion  of Phase I of t h i s  r epor t .  

d. X-ray of Various Components of t he  S in te red  P o s i t i v e  
Electrode Sample 

The e f f e c t  of wetting a s i n t e r e d  p l a t e  wi th  KOH and covering 
wi th  polyethylene was inves t iga tgd  (Figures 36 & 37). 
of a peak a t  28 = 36.2'(d = 2.47A) when polyethylene i s  removed 
proves t h a t  t h e  peak i s  due merely t o  an i n t e r a c t i o n  wi th  KOH and 
t h e  polyethylene.  
s idered  and it had been assumed t h a t  t h i s  peak w a s  due t o  a n i c k e l  
compound. Corrections f o r  t h i s  f i nd ing  have been made through out  
t h i s  repor t .  

The absence 

Such an i n t e r a c t i o n  had not  been previously con- 

There i s  a fu r the r  i nd ica t ion  i n  comparing the  two curves i n  
Figures  37 and 38 t h a t  an e f f e c t  s i m i l a r  t o  t h e  above again occurs 
a t  the  l i n e  28 = 19.5' (d = 4.544). This l i n e ,  however, has now 
been shown t o  be c h a r a c t e r i s t i c  of a c t i v e  n i c k e l  oxides ,  as wel l  as  
of t he  wetted mater ia l .  
i n  t he  var ious t ab le s  has  n o t ,  however, been amended because of 
d i f f e rence  i n  s c a l e  f a c t o r s .  Fur ther  work and s tudy w i l l  be 
necessary t o  make t h e  appropr i a t e  co r rec t ions .  

The intensityof t he  peak (d = 4.50&-4.70&) 
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D . Conclusions 

1. The electrochemical behavior and s t r u c t u r e  of t he  a c t i v e  ma te r i a l  
of tubular  e lec t rodes  d i f f e r  considerably from t h a t  of the s i n t e r e d  
p l a t e  e lec t rode .  

2. No d i f f e rence  was found among "High", t'Medium" and "Low" capac i ty  
p l a t e s  with respec t  t o  compound formation. 

3.  
temperature t h e r e  i s  an ind ica t ion  of c r y s t a l  growth and a l s o  a 
ing of s i n t e r e d  n i cke l  surface.  

During extended stand i n  the  charged s t a t e ,  e spec ia l ly  a t  high 
mask- 

4. 
compounds formed i n  a s in t e red  n i c k e l  p o s i t i v e  e l ec t rode  are essen- 
t i a l l y  PNiOOH and N i ( O H ) 2 .  

Under ordinary plateau condi t ions of charge and discharge t h e  

5. 
"graphi t ic"  l eve l .  

Evidence f o r  n icke l  compounds o the r  than Ni(OH)2 are found a t  t he  

6. 
which has peaks associated with P N i O O H  i s  formed. 

During high rate overcharge of s i n t e r e d  p l a t e s  an uns tab le  compound 

7.  Under c e r t a i n  condi t ions ) .NiOOH w a s  found t o  decay i n t o  a s t a b l e  
compound whose peaks seem t o  resemble those l i s t e d  f o r  4Ni(OH)2*NiOOH. 

8. 
i n  a q u a n t i t a t i v e  manner by our present  a n a l y t i c  techniques.  

The s t a t e  of charge of a p o s i t i v e  p l a t e  cannot as  y e t  be determined 

I 

I 
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111. RECOMMENDATIONS AND FUTURE WORK 

A. X-Ray Techniques 

1. To eliminate any possible interactions between polyethylene and KOH 
during X-ray, samples should be stored in sealed bags wet with hydroxide. 
These are to be opened just before X-ray and just the wet sample monitored. 
The duration of one X-ray sweep is less than 40 minutes and it is unlikely 
that a drying of the viscous KOH would occur during that time. The drying 
effect, if any, could be further checWed by scanning the sample between 
small intervals of 20 and looking for changes in patterns with time. This 
could be done for fresh samples at various degree intervals. An alterna- 
tive to this would be covering and uncovering a wet positive with poly- 
ethylene during short scanning periods and comparing patterns. 

2. 
sample stored in a tent-like cover thus by-passing the reflection of the 
polyethylene. This type of setup would be most advantageous in the 
evaluation of the overcharge data. 

Interference from polyethylene may also be eliminated by having the 

B. Storage of Plates 

The effect of stand time on the positive electrode should be made both in 
the presence and absence of the sintered negative electrode. 
at various temperatures. 

These will be done 

C. Effect of Current Density State of Charge and Temperature 

A more intense study involving differential thermal analysis, chemical 
analysis and X-ray diffraction directed toward a quantitative, as well as 
qualitative determination of materials of the nickel oxide electrode will be 
made at various current densities, state of charge and temperature. 

D. Stabilization of Nickel 

1. Doping 

Doping of the inclusion of a foreign material within the structure of 
nickel oxide and hydroxide crystals of a nickel oxide electrode has been 
found to function as a stabilizing force. 
will be subdivided into those elements near nickel in the periodic table 
and the alkali and alkaline earth elements. These will be introduced into 
the electrode during impregnation in amounts of 5, 10 and 20 mole %. 

The doping of the electrode 
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2 .  Formation 

Impregnated sintered nickel plaques will be formed at various 
rates and temperatures. 

3.  Other Methods of Stabilization 

A literature search will be made to seek other means of nickel 
oxide stabilization. 

4. Evaluation 

The charge retention on open circuit stand, voltage level, charge 
efficiency during discharge, as well as utilization will be evaluated 
by electrochemical means at room and elevated temperatures. 
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APPENDIX . _ -  

MIXED SOLUTION ELECTRODES 

Because of the shift of X-ray lines, it had been suggested that 

Ni(OH)2 and NiOOH form mixed solutions, 

ing the slope of the Nernst equation. 

This can be tested by investigat- 

Consider the reaction: 

(1) NiOOH + H20 + e- -> Ni(OH)2 -4- OH- 

The Nernst equation is given by: 

[NiOOH] aH20 

[Ni (OH) 21 20H' 
(2) E = Eo - 0.06 log 

Since the concentration of electrolyte is not altered much by 

the state-of-charge, one may write 

L N  iOOH 
log [NF(OH)2-J (3) E = E O 1  - 

The concentrations are stated as mole fraction. Let N = mole 

fraction of Ni(OH), and No = mole fraction of NFOOH. Since No + Nr = 1, 

equation (3 ) ,  becomes: 

1 1 -NR ( 4 )  E = Eo - 0.006 log - 
Nr 

Tue equation can hold only when an electrode is poised in the sense that the 

argument of the logarithm does not approach zero nor infinity. Hence, the 

change of open circcit potential of a positive electmde m y  be determined 

at, say, 50% charged and 10% charged. 

these conditions. 

to be 57 mv. 

N, is 0 . 5  and 0.9 resp-ectively for 

The change of potential between these points is calculated 

Such a change is additional evidence for a solid solution. 



Appendix \ , (Continued) 

Conway and Gileadi (Electrochemical Society Meeting, Boston, 

1962) were able to show that: over a range of oxidation from 20% to 50% 

charged, the nickel oxide exhibits a constant reversible potential. Up 

to 10% charged, there is, perhaps a surface phase that is being charged. 

Alternatively, the PNiOOH may have reached its limit of solubility in 

N i (OH) 2. 

The fact that Conway and Gileadi's careful measurements show a 

constancy over 10% to 50% State-of-Charge implies that at least for the 

major part, that PNiOOH is insoluble in Ni(OH)2. The calculated change 

between these points is 57 mv and the measurements were made to one-tenth 

of a millivolt. No doubt exists as to the conclusion. 



TABLE I 

CYCLLNG DATA 

SINTERED NICKEL PLATES 

TIME TO 0 VOLTS TIME TO KNEE OF FIRST PLATEAU 
CELL NO. PRELIMINARY CYCLE 6!CH CONSTANT LOAD CYCLE 

1 2 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

22 
23 
24 
25 
26 
27 
28 
29 
30 

I 21 

164 
190 

170 
182 
164 
161 
175 
175 
175 
162 
165 
178 
120 
162 
170 
160 
165 
165 
155 
170 

160 
168 
160 
160 
155 
155 
165 
170 

.175 

' 170 

14 2 
14 6 
145 
157 
160 
110 
150 
161 
157 
161 
95 
153 
157 
95 
130 
15 9 
152 
155 
144 
14 1 
14 8 
148 
144 
148 
142 
142 
14 3 
143 
14 1 
144 

150 M 
185 

* 150 M 
150 M 
14 7 M 
70 
70 

165 H 
147 M 
14 2 L 
130 
155 H 
154 H 
14 7 M 
138 L 
135 L 
70 
85 
14 5 L 
152 H 
150 M 
182 
15 2 H 

. 138 L 
180 
14 0 L 
157 H 
150 H 
138 L 
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CELL NO. 
~ ~~ 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

17 
18 
19 
20 

22 
23 
24 
25 
26 
27 
28 
29 
30 

* 16 

, 21 

TABLE I1 

CAPACITIES OF TUBULAR CELLS 
DISCHARGED THROUGH 22 OHM RESISTOR 

CYCLE #1 CYCLE #5 
MINUTES TO 1.OV MINUTES TO 1.OV 

146 
145 
157 
168 
162 
96 
190 
177 
169 
175 
184 
172 
182 
160 
170 
191 
127 
100 
133 
116 
132 
137 
159 
150 
125 
106 
131 
167 
122 
144 

168 
193 
191 
192 
200 
105 
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187 
173 
25 6 
193 
195 
172 
166 
190 
127 
103 
115 
130 
162 
154 
169 
160 
145 
75 
133 
190 
130 
162 

M 
H 
H 
H 

M 
M 
M 

H 
H 
M 
M 
H 

L 
L 
M 
L 
L 

L 
H 
L 
L 
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TABLE V 

CELL 

PHASE I1 - CAPACITIES OF SINTERED PLATE 
C E U S  WHEN DISCHARGED THROUGH 2.4 OHM RESISTOR 

CYCLE #l CYCLE #2 CYCLE #3 CYCLE #4 CYCLE #5 
NO. Minutes t o  1.OV 

188 184 169 164 172 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

. 23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

191 
163 
166 
18 2 
190 
169 
180 
174 
184 
2 34 
197 
17 6 
195 
193 
197 
160 
190 
185 
186. 
18 1 
193 
208 
186 
196 
196 
172 
173 
199 
184 
183 
177 
128 
128 
195 
188 

193 
157 
165 
186 
198 
165 
174 
17 9 
177 
190 
179 
185 
199 
193 
190 
17 3 
197 
192 
198 
238 
195 
193 
207 
182 
189 
185 
173 
192 
18 1 
17 9 
17 1 
161 
182 
192 
191 

182 
151 
14 7 
167 
177 
14 9 
166 
17 1 
169 
174 
166 
163 
17 6 
173 
175 
156 
172 
170 
17 1 
167 
170 
177 
17 3 
167 
17 1 
162 
163 
173 
166 
172 
163 
150 
164 
169 
17 3 

174 
150 
155 
187 
167 
153 
162 
171 
177 
206 
164 
203 
17 6 
168 
20 1 
161 
174 
17 2 
210 
188 
196 
18 6 
173 
165 
175 
161 
197 
174 
161 
154 
159 
155 
163 
172 
190 

180 
148 

17 9 
178 
163 
168 
174 
173 
185 
192 
166 
167 
152 
166 
163 
165 
176 
169 
156 
158 
160 
177 
177 
161 
168 
17 7 
169 
152 
153 
180 
148 
154 
177 
15 7 

159 
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TABLE V I 1  

CAPACITY ON STABILIZATION FORMATION 

Ce l l  No. Cycle fl 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

. 13 
14 
15 
16 
Iv 
18 
1 9  
20 
2 1  
22 
23 
24 

,95AH 
.99AH 
.98AH 

1.03AH 
1.01AH 
1.02AH 

.83Ali 

.84AH 
' .83& 

-28AH 
.29AH 
.28AH 
.64W 
.59AH 
.60W 
.40AH 
.48AH 
.47AH 
.94AH 
.94AH 
.9m 
.95AH 
.96AH 
.98AH 

Cycle #2 

t 99AH 
1. 04AH 
1.04A~ 
1.06AH 
1 . 0 3 ~ ~ 3  
1. O ~ A H  

.80AH 

.8M 

.8OAH 
949AH 
.48AH 
.50AH 
.68AH 
.64AH 
.71& 
.68AH 
.70AH 
.68AH 
.9oAH . 96AH 
. 9 m  
99AH 

1.olA.H 
1.05AH 

Cycle $13 

.98AH 
1.04AH 
1.03AH 
1.04AH 
1. OOAH 
1.ooAH 

.81AH 

.80AH. 

.78AH 

.59m 

.59AH 

.64AH 

.69AH 

.66AH 

.65AII -- -- -- 

.96AH 

.97AH 
91AH -- -- -- 

Rate 

500 m a  
500 m a  
500 m a  
100 m a  
100 m a  
100 m a '  
35 m a  
35 ma 
35 m a  

500 m a  
500 m a  
500 m a  
100 m a  
100 ma  
100 ma 

35 ma 
35 ma  
35 m a  

500 m a  
500 ma  
500 m a  
100 m a  
100 m a  
100 m a  

Temp. 

25.C 
25°C 
25°C 
25°C 
25.C 
250c 
25°C 
25°C 
250c 
800c 
80.C 
80°C 
80°C 
80°C 
80°C 
80°C 
80°C 
80°C 
10°C 
10°C 
10°C 
10°C 
10°C 
10°C 



TABLE VI11 

QUANTATIVE AJYhYSIS VIA SPECTROGRAPH OF 
M-2 GRAPHITE FLAI<E 

IMPURITY 

Aluminum 

Barium 

Calcium 

Cobalt 

Copper 

Iron 

Magnesium 

Manganese 

Mo 1 y bdenum 

Silicon 

Titanium 

Vanadium 

RELATNE AMOUNT 

0.5 % 

0.002% 

0.02 % 

0.001% 

0.002% 

0.5 % 

0.02 % 

0.01 x 
0.002% 

1% - 10% 
0.005% 

0.005% 



TABLE IX 

X-RAY 'Id" SPACINGS OF X-RAY SAMPLE COMPONENTS* 

Sintered Plate 
Ni(OH)2 Polyethylene Sintered Plate Covered With Polyethylene 

4 .56  4 .10  

2.69 

2.34 

1.56 

1.48 

KOH WTTD SINTERED PLATE 
COVERED WITH POLYETHYLENE 

4.12 

4.53 

2.47 

2.03 

1.76 

1.24 

2.03 

1.76 

1.24 

4 .12  

2.03 

1.76 

1.24 

KOH WET'IXD SINTERED PLATE 

2.03 

1.76 

1.24 

* I'd" Spacings given in angstrom units 



TABLE X 

X-RAY "d" SPACINGS AND INTENSITIES OF SINTERED PLATES 
pN 3 MONTHS STORAGE AT 10, 25 and 50°C 

Figure Temperature 

6 25OC 

7 50.C 

8 10°C 

4.61(20) - 2.37(10) - ?.72(5) - 1.57(5) 
4.59(19) - 2.34(10) - 1.57(6) - 1.47(8) 
4.49(22 - 2.33(5) 

* "d" Spacings given in angstrom units 

Relative intensities indicated by Parentheses 



TABLE X I  

INTENSITIES OF "d" SPACINGS 
OBTAINED FROM SINTERED POSITIVE ELECTRODES' 

DURING CHARGE, OVERCHARGE AND OPEN CIRCUIT STAND 

I'd1' Spacings 
Figure Treatment 6.95 4.40-4.50 3.73-3.62 2.94 2.66 

-- -- 14 Charge 50 ma -- 16 8 

-- -- 15 Overcharge 50 ma 72 15 8 

16 Initial Opened Circuit 18 18 6 5 8 .  

-- -- 17 Opened Circut - 16 Hours -- 20 7 

* "d" Spacings due to Nickel and Polyethylene are not included 



TABLE XI1 

"d" SPACINGS AND INTENS IT LG S FROM S INTERED POSITIVE ELECTRODE DURING 
CHARGE, OVERCHARGE AND EXTENDED OPEN CIRCUIT STAND (FIGURES 23 - 28) 

Time On Charge 
at  120 ma "d" Spacings and Intensities* 

In i t ia l  4.66(20) - 3.62(10) 
3 Hours 6.90(6) - 4.66(26) - 3.70(13) 
6 Hours 6.95(22) - 6.79(37) - 4.60(18) - 3.77(10) - 3*41(10) - 2*97(25) 

2.33 (13) 

Open Circuit 

In i t ia l  6.97(23) - 6.79(35) - 4.60(22) - 3.77(8) - 3.41(10) - 2.97(10) 
2.33(27) - 2.30(15) 

3 Hour8 6.79(45) - 4.60(22) - 3.77(8) - 3.41(17) - 2.97(12) - 2.33(50) 
2.30 (15) 

65 Hours 7.35(22) - 6.79(25) - 4.53(18) -3.77(40) - 3.41(45) 
168 Hours 7.62(15) - 4.66(30) - 3.85(23) - 3.67(12) - 2.36(11) 

* "d" Spacings given in  angstrom units 

Relative intens i t ies  indicated by parentheses 
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